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A bold unifying leap 


How James Clerk Maxwell made a difference 150 years ago. 


hat is it that makes physicists proud to be physicists? One 
Wass lies in James Clerk Maxwell’s equations. Physicists 

can rejoice in a historical moment of great insight, can 
share in the expressions of that insight that only they can understand 
in any depth, can bond over surviving the didactic stress that many 
students experience in learning to apply them and, above all, can roam 
freely in deploying the power thus provided for understanding the 
world and, on occasion, changing it. 

These communal consequences of a grand discovery might arise 
in any scientific discipline. But Maxwell’s equations are particularly 
characteristic of physics in the way in which they unified previously 
disparate laws and provided a foundational framework for vast indus- 
tries — both academic and commercial. 

In this issue we celebrate the first expression of those equations by 
Scottish physicist Maxwell in the Philosophical Magazine 150 years 
ago. There he drew together several strands of understanding about 
the behaviour of electricity, of magnetism, of light, and of the ways 
in which these fundamental aspects of nature behave in matter. As 
Albert Einstein remarked, “so bold was the leap” of this work that it 
took decades for physicists to grasp its full significance. And although 
it was a wonderful expression of science at its purest, it was forged in 
the thoroughly practical culture of intellects at that time (see page 289). 

By the time Maxwell began this work, it was known that a pat- 
tern of electric fields could be related to a distribution of electric 
charges; that single magnetic charges, in contrast, do not exist; that 
a moving electrical charge also generated a magnetic field; and that a 
time-varying magnetic field generated an electrical field. 

One of Maxwell’s achievements was the insight that magnetic fields 
can be electrically generated by varying electric fields, as well as by 
travelling charges. In expressing this and the established rules ina set 
of equations, he provided a framework that revolutionized our abil- 
ity to understand and apply electricity and magnetism in disciplines 
ranging from astronomy to biology to telecommunications. 

In materials, the application of Maxwell’s equations depends on an 
understanding of the way in which those materials affect the propa- 
gation of electric and magnetic fields. In some crystals and in Earth’s 
atmosphere, for example, electromagnetic waves propagate differently in 
different directions, and may also, on entering the medium, be split into 
components that propagate differently. Yet all are described by Maxwell's 
equations. An intriguing application today is in metamaterials, which 
have unnatural propagation properties that enable the development of 
extraordinarily powerful lenses and optical cloaking (see page 292). 

It is not only in materials that these equations can be applied. 
Empty space was also illuminated by Maxwell. His identification of 
the generation of magnetic fields by changing electric fields, coupled 
with the known generation of electric fields by changing magnetic 
fields, brought the insight that waves combining electricity and mag- 
netism might travel in a self-sustaining way. In subsequent work, 
he concluded that light was just such a wave. He identified a single 


propagation velocity in empty space of all electromagnetic radiation 
— known in his time as the speed of light, now also known to apply to 
radio, infrared and ultraviolet waves, to X-rays and y-rays. 

That speed is determined in his equations by two characteristics of 
the medium in which the waves propagate — the electrical permit- 
tivity and the magnetic permeability. These have particular values in 

empty space, stimulating the question 


“It is for Maxwell’s (already raised by Maxwell's predeces- 
insights in sors) of whether space itself is filled 
electromagnetism with some sort of ‘uminiferous aether’ 
that scientists in required for light to propagate. It took 
all disciplines can subsequent physicists to determine that 


such an aether was both non-existent 
and unnecessary. And it took Einstein 
to realise that the speed of light in empty space is not only a con- 
stant regardless of direction but also a constant no matter where the 
observer is and no matter how the observer is moving. 

Itis due to the ever-more-unifying discoveries of Maxwell's successors, 
and recent, often controversial, hypotheses in that spirit (see page 286), 
that much emphasis is today placed on that aspect of Maxwell’s equa- 
tions. Maxwell did other grand things in science — and this year is also 
the 150th anniversary of his taking the first true colour photographs. 
But it is for his unifying insights in electromagnetism that scientists in 
all disciplines can be most grateful, and physicists most proud. = 


be most grateful.” 


Into ignorance 


Vote to overturn an aspect of climate science 
marks a worrying trend in US Congress. 


poised to pass legislation that would overturn a scientific 
finding on the dangers of global warming. The Republican- 
sponsored bill is intended to prevent the US Environmental Protection 
Agency (EPA) from regulating greenhouse-gas emissions, which the 
agency declared a threat to public welfare in 2009. That assessment 
serves as the EPA’s legal basis for regulation, so repealing the ‘endanger- 
ment finding’ would eliminate its authority over greenhouse gases. 
That this finding is scientifically sound had no bearing on the decision 
to push the legislation, and Republicans on the House of Representa- 
tives’ energy and commerce committee have made clear their disdain 
for climate science. Ata subcommittee hearing on 14 March, anger and 
distrust were directed at scientists and respected scientific societies. 
Misinformation was presented as fact, truth was twisted and nobody 
showed any inclination to listen to scientists, let alone learn from them. 


A s Nature went to press, a committee of the US Congress was 
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It has been an embarrassing display, not just for the Republican Party 
but also for Congress and the US citizens it represents. 

It is tempting to write all of this off as petty partisanship, a pop- 
ulist knee-jerk reaction to lost jobs and rising energy prices by a 
well-organized minority of Republican voters. After all, US polling data 
has consistently shown that, in general, the public accepts climate sci- 
ence. Ata hearing last week, even Ed Whitfield (Republican, Kentucky), 
who chairs the subcommittee, seemed to distance himself from the 
rhetoric by focusing not on the science but on the economic effects of 
greenhouse-gas regulation. “One need not bea sceptic of global warm- 
ing to bea sceptic of the EPA’ regulatory agenda,’ said Whitfield. 

Perhaps, but the legislation is fundamentally anti-science, just as 
the rhetoric that supports it is grounded in wilful ignorance. One 
lawmaker last week described scientists as “elitist” and “arrogant” 
creatures who hide behind “discredited” institutions. Another propa- 
gated the myth that in the 1970s the scientific community warned ofan 
imminent ice age. Melting ice caps on Mars served to counter evidence 
of anthropogenic warming on Earth, and Antarctica was falsely said to 
be gaining ice. Several scientists were on hand — at the behest of Demo- 
crats on the subcommittee — to answer questions and clear things up, 
but many lawmakers weren't interested in answers, only in prejudice. 

It is hard to escape the conclusion that the US Congress has entered 
the intellectual wilderness, a sad state of affairs in a country that has 
led the world in many scientific arenas for so long. Global warming 
is a thorny problem, and disagreement about how to deal with it is 
understandable. It is not always clear how to interpret data or address 
legitimate questions. Nor is the scientific process, or any given scientist, 
perfect. But to deny that there is reason to be concerned, given the dec- 
ades of work by countless scientists, is irresponsible. 


That this legislation is unlikely to become law doesn't make it any 
less dangerous. It is the attitude and ideas behind the bill that are 
troublesome, and they seem to be spreading. Fred Upton, the Michi- 
gan Republican who chairs the full energy and commerce commit- 
tee, once endorsed climate science, but last month said — after being 
pinned down by a determined journalist — that he is not convinced 
that greenhouse-gas emissions contribute to global warming. It was 

yet another blow to the shrinking minority of 


“The US moderate centrists in both parties. 

Congress has One can only assume that Congress will 
entered the find its way at some point, pressured by vot- 
intellectual ers who expect more from their public serv- 


ants. In the meantime, as long as it can fend 
off this and other attacks on the EPA, Presi- 
dent Barack Obama’ administration should 
push forward with its entirely reasonable regulatory programme for 
reducing greenhouse-gas emissions where it can, while looking for 
ways to work with Congress in other areas. Rising oil prices should 
increase interest in energy security, a co-benefit of the greenhouse- 
gas and fuel-efficiency standards for vehicles that were announced by 
the administration last year. The same advice applies to the rest of the 
world. Work with the United States where possible, but don’t wait for 
a sudden change of tenor in Washington DC. 

One of the scientists testifying before Whitfield’s subcommittee was 
Christopher Field, director of the Carnegie Institution's global ecology 
department in Stanford, California. Field generously hoped that his 
testimony at last week’s hearing took place “in the spirit of a genuine 
dialogue that is in the best interests of the country”. Maybe one day 
that hope will be justified. m 


wilderness.” 


Cause for concern 


Scientists studying diseases should be motivated 
by patients, but not led by them. 


linked to a mysterious retrovirus called XMRYV, scientists can at 
least agree on one thing: the whole thing is a mess. 

In the year and a half since researchers first claimed they had found 
the virus — which resembles viral sequences in the mouse genome — in 
people with the disease, nothing close to consensus has emerged. Several 
groups have tried to verify the results using different methods, and most 
have found nothing, leading them to suggest that the initial, promising 
experiments were simply an artefact of laboratory contamination. 

But the few scientists who have found evidence to link the virus to 
the syndrome, also known as myalgic encephalomyelitis, are rigor- 
ously defending their data (see page 282). Led by Judy Mikovits at the 
Whittemore Peterson Institute for Neuro-I[mmune Disease in Reno, 
Nevada, they blame patient heterogeneity, the geographical distribu- 
tion of the virus and methodological issues among the reasons for the 
failure to verify a link. 

Clarity is urgently needed, both by the scientists and by patients 
desperate for an answer. Owing to the difficulty in diagnosing a 
chronic disorder with diffuse symptoms, many people with the disease 
feel they have been marginalized by the medical community — told 
that there is no help for them, or even that they are imagining their 
symptoms. It’s not hard to see why patients and advocacy groups have 
come to Mikovits’ defence. XMRV provides legitimacy, and the hope 
ofa treatment. 

Given the long and convoluted history of infectious agents proposed 
and later disproved as a cause for chronic fatigue, this debate could 
continue for some time. Among the researchers searching for a definitive 


E the furious debate over whether chronic fatigue syndrome is 
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answer are several high-profile groups commissioned by health officials 
in the United States; they also aim to determine whether XMRV is float- 
ing around in the blood supply and being passed from person to person. 
There isa lot at stake. Hypotheses that are later discarded by science can 
linger on in the minds of the public: witness the supposed link between 
the measles, mumps and rubella (MMR) vaccine and autism, which has 
refused to die years after the weight of evidence should have squashed 
it. Patients who latch onto XMRV as the cause of chronic fatigue syn- 
drome are likely to find it hard to let go, even if most scientists eventually 
conclude that the evidence is against it. Some are already being tested 
for the virus and starting to take potent, antiretroviral drugs if they test 
positive, all on the basis of an unproven hypothesis. 

The challenge for scientists in this field, as in any other that involves 
patients, is to understand and be motivated by the plight of the patient 
community without letting their research be swayed by it. 

Mikovits has worked with her critics to identify and pursue the 
research needed to resolve the debate. She is right to engage in debate 
about her science and defend it where necessary. But Mikovits and her 
critics need to maintain an open mind. 

Scientists are taking the risk of XMRV seriously, as they should. The 
National Institutes of Health and others examining the link should 
see their studies through. A thorough, well-funded effort to get to the 
bottom of the situation should help to ensure that time, money and the 
careers of young scientists are spent effectively. But if the association 
is not borne out by these studies (and the preponderance of evidence 
thus far suggests that it may not be), will the spotlight on chronic 
fatigue syndrome endure or dim? 

Many scientists who have waded into the debate are experts in viral 
disease, and they say they are unlikely to pursue work on chronic 
fatigue. This is a pity but, given the pile-up of criticism that was Miko- 
vits’ reward for diligently following up her data, 
perhaps no surprise. Several lines of evidence 
suggest that chronic fatigue has an infectious 
origin. It is to be hoped that one day scientists 
will manage to pin it down once and for all. = 
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a practical way to tackle greenhouse-gas emissions from forests. 

Known as Reducing Emissions from Deforestation and Forest 
Degradation (REDD), the initiative was launched at the United Nations 
Climate Change Conference in Bali in 2007 with great hope and no 
small measure of hype. Progress on REDD was hailed as a major success 
at the UN climate talks in Cancun, Mexico, late last year. 

The ensuing experience has convinced me that it is time for some 
mid-course corrections. What's more, a host of new studies shows 
that REDD will fail unless governments give higher priority to restor- 
ing degraded forests and promoting community conservation and 
enterprises in forest areas. 

The goal of REDD was to reduce emissions from deforestation 
and forest degradation, recognized in 2007 as some 20% of global 
carbon emissions. It was boosted by the Stern Review of the Economics 
of Climate Change, which stated in 2006 that 
curbing deforestation would be both cheap 
and fast compared with other options to 
reduce emissions. By 2008, governments 
agreed that more than US$20 billion a year 
would be needed to convince forest owners in 
developing countries to leave their trees stand- 
ing. REDD quickly focused on luring private 
capital and setting up carbon markets, and 
drew the support of industries in developed 
countries that were keen to offset emissions. 
Developed countries earmarked $4.5 billion 
to help governments in developing countries 
to prepare to trade forest carbon. 

The carbon market has proved more difficult and expensive to 
develop than many expected. Property rights in rural and forested 
areas of many developing countries are unclear and contested, and 
there is little agreement on who owns the land, much less on who 
owns the forest or the carbon. Serious scientific challenges hamper 
efforts to measure carbon and monitor changes in land use. Anda new 
study by the US-based Munden Project, which specializes in designing 
commodity markets, shows that a global forest carbon market could 
easily be manipulated and would not reduce deforestation. 

Yet as the world struggles to develop REDD, national and interna- 
tional data show that deforestation is declining. Recently released UN 
figures show that, from 1990 to 2010, the net forest area increased in 
58 countries that have more than 200,000 hectares of total forest, and 
was holding steady in another 18. Strikingly, 62% of those 76 nations are 
classed by the International Monetary Fund as emerging or developing 
countries, 8% as heavily indebted poor countries 


3 or more than three years, the world has been trying to implement 


and 30% as advanced economies. Countriesboth NATURE.COM 
rich and poor were thus protecting and restoring _ Discuss this article 
forests long before REDD. The estimated con- __ online at: 
tribution of forest degradation to overall carbon _go.lature.com/berru 


GOVERNMENTS, 
NOT LOCAL PEOPLE, 
ARE THE PRIMARY 
DRIVERS OF 
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Cash alone will not slow 
forest carbon emissions 


To succeed, the REDD initiative needs a dose of ‘GREEN’ to restore degraded 
forests and help boost economic development, argues Andy White. 


emissions is now as low as 8%, according to a recent report by Winrock 
International, a non-profit organization based in Little Rock, Arkansas. 

These data reveal the central role of government choice. Studies 
compiled by the Rights and Resources Initiative (RRI) in Washing- 
ton DC show that governments, not local people, are the primary 
drivers of global deforestation. Government policy and investment, 
generally encouraged by global demand for food, energy and wood 
fibre, sets off a chain reaction that leads to forest degradation or 
destruction. This is no surprise, given that governments still claim 
ownership over some 70% of tropical forests globally. 

If government policy is behind the majority of deforestation, it is hard 
to see how cash payments through REDD would bring change. In Indo- 
nesia, the government-sponsored palm-oil industry generated more 
than $12 billion in government revenues alone in 2010 — much more 
than the $1 billion offered by Norway to establish REDD. Even if the 
carbon market works, REDD cannot compete. 

The focus of REDD on finance has blinded 
us to other approaches to reducing forest emis- 
sions. Research shows that where indigenous 
peoples and forest communities have their 
rights recognized, they are far better forest 
stewards than are governments. A study by the 
RRI, commissioned by the World Bank, shows 
that the cost per hectare of recognizing rights 
is orders of magnitude less than the estimated 
costs of REDD. South Korea, China, Vietnam 
and Nepal have increased their forests in recent 
years, and an RRI study of global forest res- 
toration shows that they have three things in 
common: sustained political commitment to reforestation, reforms 
to support local property rights and forest management, and local 
economic development. 

Poverty is rife in forest areas, and both local people and their 
governments need employment, energy and economic growth. World- 
wide, there are more than 1 billion hectares of degraded forest — land 
that, if restored, could produce more food, wood and bioenergy, and 
reduce everyone's vulnerability to climate change. In the face of grow- 
ing global demand for all commodities, stopping deforestation without 
planting trees and creating jobs just shifts the destruction around and 
does not relieve the many other pressures on people and forests. 

So to fix REDD, we need to focus on policies to support communities, 
and not markets for carbon. Alongside it, we need more efforts to 
restore degraded forests, increase employment and produce energy 
in rural areas. We at the RRI call this GREEN — Growing Restora- 
tion, Employment and Energy, Now. GREEN is not just an optional 
complement to REDD, it is crucial for its eventual success. m 


Andy White is coordinator of the Rights and Resources Initiative in 
Washington DC. e-mail: awhite@rightsandresources.org 
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Faster ice melt, 
higher sea levels 


Ice loss on Greenland and 
Antarctica is accelerating at 
three times the rate of mountain 
ice loss. If it continues, this 
melting will dominate sea-level 
rise this century. 

Eric Rignot at the University 
of California, Irvine, and 
his colleagues compared 
calculations based on 18 years’ 
worth of data on climate and 
ice discharge with 8 years’ 
worth of data from the 
Gravity Recovery and Climate 
Experiment, which uses 
satellite measurements to assess 
ice mass. The authors estimate 
that the rate of loss is increasing 
by around 36.3 gigatonnes of 
ice a year, with a cumulative 
loss of 475 gigatonnes in 2006. 

At current rates, melting ice 
sheets, mountain glaciers and 
ice caps around the world, as 
well as the thermal expansion 
of the oceans, could cause 
sea levels to rise by up to 32 
centimetres by mid-century. 
Geophys. Res. Lett. doi:10.1029/ 
2011GL046583 (2011) 


Chickens feel for 
each other 


Rats and mice show changes 
in behaviour when they see 
close relatives in distress. It 
seems that chickens might 


Selections from the 
scientific literature 


Seeing cells with sheets of light 


Illumination with a thin sheet of light can 
be used to generate high-resolution, three- 
dimensional movies of living cells. 

The technique, called plane-illumination 
microscopy, had been applied to multicellular 


specimens, but the light sheets were too thick to 


capture high-resolution images in single cells. 
Eric Betzig of the Howard Hughes Medical 
Institute's Janelia Farm Research Campus in 


Ashburn, Virginia, and his colleagues generated 


thinner sheets of light using “Bessel beams’ — a 


also display signs of empathy 
—an ability to share another’s 
emotional state. If farm 
animals empathize more 
widely with their fellows, 
farmers may need to take 


extra measures to limit stress rspb.2010.2701 (2011) Cristina Alberini at Mount 
to animals during handling, Sinai School of Medicine in 
transportation and slaughter. New York, Pierre Magistretti 
Joanne Edgar at the at the Swiss Federal Institute of 
University of Bristol, UK, Cell su ppo rt for Technology in Lausanne and 
and her co-workers placed memory their colleagues trained rats 


individual hens and their 


puffed the chicks with bursts of 
air. In response, the mothers’ 
behaviour and physiology 
changed, with greater clucking 
and an increased heart beat. 
Proc. R. Soc. B doi:10.1098/ 


special class of narrow, non-diffracting light 
beams. 

The team used the new microscope to produce 
three-dimensional images of fluorescently 
labelled subcellular features from stacks of planar 
images captured at almost 200 planes per second. 
The stacks were then assembled into movies 
showing the dynamics of certain features, such as 
tiny projections called filopodia (pictured), at a 
resolution of 0.3 micrometres. 

Nature Methods doi:10.1038/nmeth.1586 (2011) 


communication. Now these 
cells have been found to play 
a part in the formation of 
long-term memories — by 
providing their neighbouring 
neurons with lactate. 


to avoid a part of a cage where 


chicks in boxes, Star-shaped cells in the brain they were likely to receive a 
4 separating hen called astrocytes are thought mild electric shock. 
: and chicks with to provide biochemical When the researchers 
a clear plastic support to neurons and may dripped a drug that blocks 
sheet, and even be involved in neuronal lactate formation in 
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astrocytes directly onto the 
rat’s brains, or when they 
blocked the expression of 
lactate transporters in the 
hippocampus, the rats were 
unable to recall which part of 
the cage to avoid. 

Cell 144, 810-823 (2011) 


New-looking 
old galaxies 


Using a combination of space 
and ground-based telescopes, 
astronomers have spotted 
the most distant, and hence 
earliest, cluster of galaxies ever 
seen. The cluster dates to a time 
when the Universe was just a 
quarter of its current age of 13.7 
billion years, yet, surprisingly, it 
looks more like nearby, modern 
galaxy clusters than the star- 
forming proto-clusters found 
so far at the same epoch. 
Raphael Gobat of the Labo- 
ratory for Astrophysics Instru- 
mentation and Modelling in 
Gif-sur-Yvette, France, and his 
colleagues say that more obser- 
vations should show whether 
the cluster is a fluke, or whether 
theories of cluster formation 
need to be revised. 
Astron. Astrophys. 526, A133 
(2011) 


Stopping the 
cellular pump 


The bacterium responsible for 
tuberculosis, Mycobacterium 
tuberculosis, is notorious for 
its tolerance to antibiotics. 

Tt enters a dormant phase, 
which, it was assumed, makes 
it less sensitive to drugs that 
target dividing bacteria. But 
it seems that even replicating 
mycobacteria can fend off 
antibiotics. 

Within days of infecting 
zebrafish larvae with 
Mycobacterium marinum, 
Lalita Ramakrishnan at the 
University of Washington 
in Seattle and her colleagues 
found dividing drug-tolerant 
bacteria inside macrophages, 

a type of immune cell. In this 
environment, the mycobacteria 
synthesized molecular ‘pumps’ 


that expel drugs from the 
bacterial cell and promote its 
replication. 

When the team treated 
cultured human macrophages 
infected with M. tuberculosis 
with verapamil, a pump 
inhibitor, drug tolerance 
decreased, suggesting that 
verapamil-like drugs might be 
able to shorten the current six- 
month-minimum treatment 
regimen for tuberculosis. 

Cell doi:10.1016/j.cell. 
2011.02.022 (2011) 


Fine-tuning 
optical fibres 


Light-transmitting fibres in 
fibre-optic devices are mostly 
made of glasses such as silica. 
The fabrication of crystalline 
compound semiconductor 
fibres made of zinc selenide 
(ZnSe), which have a wider 
range of desirable properties 
than previous fibres, 

opens up the possibility of 
developing fibre-based lasers 
and amplifiers for photonic 
applications. 

John Badding at 
Pennsylvania State University 
in University Park and his 
collaborators deposited Zn and 
Se inside a hollow silica 
fibre (pictured) 
using a technique 
for high-pressure 
chemical vapour 
deposition. The 
micrometre- 
sized fibres had 
low loss of light 
transmission in 
the mid-infrared 
region. Their optical 
characteristics can be tuned 
by changing the composition 
of the material, the authors say. 
Adv. Mater. doi:10.1002/ 
adma.201003214 (2011) 


Brain fluid spurs 
stem cells 


The cerebrospinal fluid (CSF) 
that bathes the brain and spinal 
cord seems to be more than just 
a cushion against shock. Key 
molecules in the CSF signal 
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New proteins from neighbours 


€ HIGHLY READ Bacteria are highly adaptive, constantly 
on wwwoplosgenetics, Creating new proteins. Most of the 
org the weeks of genes for these proteins have been 
21 and 28 February acquired from other organisms, and 
did not arise from the duplication and 
mutation of the microbes’ own genes as previously thought. 
Todd Treangen and Eduardo Rocha at the Pasteur Institute 
in Paris determined the source of more than 3,000 families 
of proteins in 110 bacteria belonging to 8 different groups. 
Depending on the group, between 88% and 98% of the new 
genes in the species studied came from other bacteria — 
through a process known as horizontal gene transfer. 
New proteins resulting from gene transfer evolve faster and 
persist longer than those encoded by duplicated genes, the 


authors show. 


PLoS Genet. 7,e1001284 (2011) 


neural stem cells to proliferate, 
and may be involved ina type 
of brain cancer. 
Christopher Walsh at 
the Children’s Hospital 
Boston in Massachusetts 
and his colleagues found 
that membrane proteins on 
the surface of neural stem 
cells facing the CSF bind to 
proteins, including insulin- 
like growth factor 2 
(Igf2), in the fluid. 
Blocking this 
binding in mice 
resulted in 
animals with 
small brains. 
Patients 
with a type of 
brain tumour 
were found to have 
higher than normal 
levels of Igf2 in their CSF. 
Neuron 69, 893-905 (2011) 


Feedback loop 
in lupus 


The second most common 
human autoimmune disease, 
systemic lupus erythematosus 
(SLE), is marked by 
overproduction of antibodies 
against the body's nucleic acids. 
Two studies show that white 
blood cells called neutrophils 


from patients with lupus release 
a network of DNA-rich fibres 
called neutrophil extracellular 
traps (NETs) that may sustain 
the disease. 

Virginia Pascual at the Baylor 
Institute for Immunology 
Research in Dallas, Texas, 
and her colleagues found that 
neutrophils from children 
with SLE die in vivo at higher 
rates than those from healthy 
individuals. When exposed 
to antibodies found in the 
blood of patients with SLE, 
dying neutrophils produce 
NETs that activate cells called 
plasmacytoid dendritic cells. 
These produce high levels of 
interferon-a — which triggers 
immune responses, thus 
priming more neutrophils to 
release more NETs. 

Michel Gilliet at the 
University of Texas, Houston, 
and his colleagues showed 
that people with lupus also 
generate antibodies against 
antimicrobial peptides carried 
by NETs, suggesting that 
the NETs trigger additional 
autoantibody production. 

Sci. Trans. Med. 3, 73ra19; 73ra20 
(2011) 
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Quake causes waves of destruction 


Most of the devastation seen after the 
magnitude-9.0 earthquake that struck Japan 

on 11 March was caused by the subsequent 
tsunami wave, which has left thousands dead. 
The tsunami was the largest ever measured in 
the open ocean by the US National Oceanic and 
Atmospheric Administration (which tracked 
its spread across the Pacific Ocean, pictured). 
According to local reports, the tsunami reached 
more than 10 metres in height when it hit 


Flu review 


An independent review 
panel has both criticized and 
praised the World Health 
Organization (WHO) for its 
response to the 2009 HIN1 
influenza pandemic. The 
25-member panel released 

a preview of its findings on 
10 March. The WHO gave no 
consistent depiction of the 
severity of the outbreak, and 
didn’t dispel confusion about 
its definition of a pandemic, 
the panel found. On the other 
hand, the panel defended the 
agency against allegations by 


critics that industry might 
have influenced WHO 
decisions. And it praised 

the WHO’ leadership for 

its overall response. See 
go.nature.com/sijsov for more. 


Stem-cell ethics 
Procedures involving 
established human 
embryonic-stem-cell lines 
are not patentable, the Court 
of Justice of the European 
Communities ruled on 

10 March. The judgement, 
on ethical grounds, was a 
preliminary opinion, but 
it surprised researchers, 


270 | NATURE | VOL 471 | 17 MARCH 2011 


Japan’s Sanriku coast barely 30 minutes after 
the quake. Along flat coasts, it spread hundreds 
of metres inland, with waves high enough 

to flow over concrete sea walls supposed to 
protect infrastructure. Thanks to the wave’s 
long travelling time across the Pacific Ocean, 
and a sophisticated early-warning system, it 
caused only minor damage elsewhere around 
the Pacific. For details of the earthquake and 
concern over nuclear reactors, see page 273. 


who were expecting a less 
conservative stance. See page 
280 for more. 


Single EU patent 


Ministers representing 25 

of the 27 countries in the 
European Union have agreed 
to create a single European 
patent system, expected to be 
introduced in 2012. Currently, 
patents must be registered 

in individual countries and 
translated into each European 
language — an expensive 
process. Ministers exploited 
an ‘enhanced cooperation’ 
provision to allow progress 
while excluding two countries 
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LARGEST 
EARTHQUAKES 
SINCE 1900 


Valdivia, Chile, 
22 May 1960 


Prince William 
Sound, Alaska, 
28 March 1964 


Sumatra, 
Indonesia, 
26 Dec 2004 


Kamchatka, 
former USSR, 
4 Nov 1952 


Sendai, Japan, 
11 March 2011 


Offshore Maule, 
Chile, 
27 Feb 2010 


from the agreement: Italy 
and Spain, who object to a 
transnational system that 
would use just English, 
French and German. Two 
days before the 10 March 
agreement, the European 
Court of Justice declared that 
a system of patent litigation at 
the European level would be 
unconstitutional, although this 
would not affect a common 
patent-registration system. 


African lab quality 
A meeting in Addis Ababa 
this week marked the official 
launch of the African Society 
for Laboratory Medicine, an 


SOURCE: USGS 


ADAPTED FROM BIOMEDTRACKER 


organization that hopes to 
strengthen Africa's laboratory 
standards and research 
capacity. The US President's 
Emergency Plan for AIDS 
Relief (PEPFAR) contributed 
US$4.2 million to create the 
society, which will be based 
in Ethiopia. Its formation 
follows years of related 
projects with international 
partners such as the World 
Health Organization, which 
in 2009 launched a laboratory 
accreditation system to raise 
standards of disease diagnosis 
in the continent. See go.nature. 
com/vuehq5 for more. 


PEOPLE 


Vaccine move 

The Global Alliance for 
Vaccines and Immunization 
(GAVI) announced on 

8 March that Seth Berkley is 
to be its next chief executive, 
replacing Julian Lob-Levyt, 
who stepped down last 
October. Berkley, an 
epidemiologist, is giving up 
his role as president of the 
International AIDS Vaccine 
Initiative in New York, which 
he launched in 1996. He will 
takes up the post at GAVI, 
which is based in Geneva, 
Switzerland, in August. 


New JAMA head 
Howard Bauchner (pictured) 
is to become the 16th editor- 
in-chief of the Journal of the 
American Medical Association 


TREND WATCH 


A therapeutic antibody is the first 
drug in 50 years to be approved 
to tackle the autoimmune disease 
systemic lupus erythematosus. 


On9 March, the US Food 
and Drug Administration 


approved Benlysta (belimumab), 
developed by Human Genome 
Sciences in Rockville, Maryland, 
working with GlaxoSmithKline. 
Other lupus therapies are hot on 
the trail. Some target the same 
protein as belimumab, hoping to 
reduce the body’s ability to attack 


its own tissues. See go.nature. 
com/29addm for more. 
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(UJJAMA), the association said 
on 10 March. Bauchner, a 
paediatrics researcher and 
physician currently based at 
the Boston University School 
of Medicine in Massachusetts, 
replaces Catherine DeAngelis, 
who announced last year that 
she would step down at the 
end of June 2011 after ten 
years in charge (see Nature 
467, 137;2010). 


Astrobiology loss 


A well-known research 
centre for astrobiology has 
lost its connection to its 
UK university, and will be 
run as a private company. 
Chandra Wickramasinghe, 
who has headed the Cardiff 
Centre for Astrobiology 
since it was founded in 2000, 
last week lost his appeal 
against Cardiff University’s 
2010 decision to close its 
astrobiology department 
for financial reasons (see 


A RACE TO TREAT LUPUS 


go.nature.com/5rbb5g). 
Wickramasinghe — whose 
work with astronomer Fred 
Hoyle pioneered the theory of 
panspermia, that life on Earth 
was seeded from outer space 
— says that the centre will 
now be privately funded, and 
will continue ongoing projects 
with other partners, such as 
the Russian space agency. 


Launch-pad death 


An investigation is under way 
into the death of a space- 
shuttle engineer at NASA 
Kennedy Space Center in 
Cape Canaveral, Florida, on 
14 March. James Vanover, 
who worked for the contractor 
United Space Alliance, fell 
from launch pad 39A, where 
the shuttle Endeavour is being 
prepared for its final flight in 
April. Officials at the space 
centre said that the incident 
was the first fatality at the 
launch pad since 1981, the 
year of the first shuttle flight. 


Energy-agency chief 
Dutch politician Maria van 
der Hoeven will be the next 
executive director of the 
International Energy Agency, 
succeeding Nobuo Tanaka 

of Japan, who steps down 

at the end of August after a 
four-year term. The agency 
announced van der Hoeven’s 
appointment on 11 March. In 
the Netherlands, she has been 
a minister of economic affairs, 
and of science and education. 


Drugs that target proteins in the immune system hope to grab a share 


of a multibillion-dollar market to treat lupus. 
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*Same receptor target (B-lymphocyte stimulator) as the approved belimumab. 


SEVEN DAYS | THIS WEEK | 


18 MARCH 

NASAs MESSENGER 
spacecraft is due to enter 
orbit around Mercury. 
go.nature.com/om4yso 


21-25 MARCH 

The American Physical 
Society meets in Dallas, 
Texas. 
go.nature.com/ylefz1 


California bounty 
The University of Southern 
California in Los Angeles has 
received a US$200-million 
gift, with no restrictions, to 
support its science, social 
science and humanities 
teaching and research, it 
announced on 9 March. The 
donation, the largest in the 
institution's history, was made 
by David Dornsife, chairman 
of steel-fabricating company 
Herrick Corporation in 
Stockton, California, and his 
wife Dana, founder of the 
Lazarex Cancer Foundation 
in Danville, California. The 
couple have previously funded 
a neuroscience imaging centre 
at the university. 


Three parents 


The Human Fertilisation 

and Embryology Authority 
in London is to review 

the safety and efficacy of 
assisted-conception methods 
used to avoid inheriting 
diseases caused by mutations 
in mitochondrial DNA, 

such as Leigh’s disease. This 
potential fertility treatment, 
not yet allowed in the United 
Kingdom, transfers genetic 
material to create an embryo 
with DNA from three sources 
— the mother, father and 

a donor of mitochondrial 
DNA. The review’s findings 
will be submitted to the 
Department of Health by 
mid-April. 


> NATURE.COM 
For daily news updates see: 
www.nature.com/news 


17 MARCH 2011 | VOL 471 | NATURE | 271 


© 2011 Macmillan Publishers Limited. All rights reserved 


NEWSIN FOCUS 


Japan quake Lean times could In 
was a big shock to undermine US physics The ethics war takes a » search of the ultimate 
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Members of the Japanese military have already begun a clean-up operation in areas affected by radiation from the Fukushima Daiichi power station. 


Quake sparks nuclear crisis 


Explosions at a tsunami-hit plant will knock public confidence and the industry worldwide. 


BY GEOFF BRUMFIEL IN LONDON AND 
DAVID CYRANOSKI IN TOKYO 


he magnitude-9.0 earthquake and 
| resulting tsunami that struck Japan on 
11 March have left thousands dead and 
many more homeless. 

But the farthest-reaching consequence of 
the devastating natural disaster is the ongo- 
ing nuclear emergency at the Fukushima 
Daiichi nuclear power station. As Nature went 
to press, plant operators were struggling to cope 
with multiple reactors that had lost the ability 
to cool themselves. Three units operating at 
the time of the quake seem to have suffered a 


partial meltdown, and some spent fuel stored at 
the plant has been exposed, releasing radiation. 

The situation could still worsen. But scien- 
tists and engineers who have soughta revival of 
nuclear power for the past decade acknowledge 
that the accident, the worst since the Cherno- 
byl disaster in 1986, is already a devastating 
blow for the technology. “It will be bad; I mean 
I don't think there’s any point in pretending,” 
says Robin Grimes, director of the Centre for 
Nuclear Engineering at Imperial College Lon- 
don, and an advocate of nuclear power. 

The crisis began at 2:46 p.m. local time on 
Friday, when the massive quake struck (see 
‘Seismic puzzle’). Nuclear reactors at four plants 
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in the region immediately inserted control rods 
into their cores, effectively shutting them down 
(see ‘Inside the core’). However, even after the 
shutdown, the decay of radioactive elements 
in the cores continued to pump out heat. The 
electric cooling pumps had lost power from the 
grid, but back-up diesel generators kicked into 
action, and ultra-pure cooling water continued 
to circulate through the cores. 

Roughly half an hour later, however, a wall 
of water breached the sea wall protecting 
the Fukushima Daiichi plant — one of the 
closest to the epicentre — and struck the main 
back-up generators. “The problem wasnt the 
earthquake, but the tsunami,’ says Mitsuru 
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SEISMIC PUZZLE 


Giant shock rattles ideas about quake behaviour 


“This earthquake is a lesson in humility,” 
says Emile Okal, a geophysicist at 
Northwestern University in Evanston, 
Illinois, who studies great earthquakes 
and tsunamis. Few experts had thought 
that the seismic zone near Sendai, Japan, 
was capable of producing earthquakes 
anywhere near as powerful as the 
magnitude-9.0 shock on 11 March, the 
largest on record in Japan. Okal and his 
colleagues want to understand why the 
event was so much stronger than many 
people expected — and what it means 
for seismic risks in Japan and elsewhere 
around the globe. 

The quake happened along a seam in the 
planet’s surface where the Pacific Ocean 
floor is diving beneath the tectonic plate 
carrying northern Japan (see ‘Collision 
zone’). That process of subduction triggers 
the largest earthquakes in the world, such as 
the magnitude-9.5 Chilean quake in 1960 
and the magnitude-9.1 Sumatran quake 
in 2004. But geophysicists had thought 
that great subduction-zone earthquakes 
happened only where younger oceanic crust 
scrapes its way into the mantle. Older crust, 
which is cooler and denser, was thought 
to slide much more readily downward, 
triggering smaller quakes. And the ocean 
crust off the northeast part of Japan, having 
formed about 140 million years ago, is 
about as old as it can get. 

The history of the Sendai region seemed 
to support that idea. “There has been 
seismicity but not really great-earthquake 
seismicity,’ says Hiroo Kanamori, a 
seismologist at the California Institute of 
Technology in Pasadena. In the past few 
centuries, the subduction zone off the coast 
of Sendai has generated earthquakes of 
up to magnitude 8 or so, but nothing as 
powerful as a 9, which releases 30 times 
more energy. 

Given that history, seismologists in Japan 
did not consider great earthquakes to be 
a threat to the Sendai area. And although 
that region was one of Japan’s best- 
prepared for tsunamis, the high sea walls 
along much of the coast were built to stop 
waves far smaller than the 13-15-metre- 
tall giants that battered the coastline, 
causing most of the damage and triggering 
a nuclear crisis. 

But some clues 


suggested that the > NATURE.COM 
Sendai region might Read about the 

be capable of greater _ largest earthquake 
violence. The giant ever recorded at: 


Sumatran earthquake — go.nature.com/hihawf 
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COLLISION ZONE 


The earthquake struck where 
the Pacific plate grinds under 
the Okhotsk plate. 


11 MARCH 
MAGNITUDE 


Eurasian 


pate DEPTH 24 KM 


Philippine 
plate 


raised questions about the sea-floor-age 
hypothesis, because the old subducting 
crust there should have ruled out a shock 

of that size, says Okal. And recent geodetic 
studies across Japan showed that the 
Sendai region is getting squeezed, as ina 
vice, by pressure from the plate motions. 
The warping suggested that the Pacific 

plate was stuck rather than sliding smoothly 
beneath Japan, straining the crust. 

The strain could only be released in 
earthquakes, and it builds up so quickly 
that the size and frequency of earthquakes 
seen in the recent past would not have been 
enough to release it, says Thomas Heaton, 
a geophysicist at the California Institute of 
Technology. It took last week’s quake to do 
the job — and big as it was, it may not have 
released all the accumulated strain, says 
Heaton. “There’s still a mystery to this place 
even with the 9.” 

If the subduction zone near Sendai can 
produce a great quake, then other areas 
with similarly old ocean crust might too, 
says Okal, who says that Tonga and the 
northeastern Caribbean are regions to 
look at more closely. Clues to rare, great 
earthquakes may be hidden there — as it 
seems they were in Sendai. 

The last giant tsunami recorded in 
Sendai struck in 869. Judging from 
geological traces of two even older 
tsunami deposits, Koji Minoura, an Earth 
scientist at Tohoku University in Sendai, 
and his colleagues proposed in 2001 that 
giant waves visit the region about every 
800-1,100 years (K. Minoura et al. J. Nat. 
Disaster Sci. 23, 83-88; 2001). Because 
the last one came in the ninth century, 
the researchers wrote, “the possibility of a 
large tsunami striking the Sendai plain is 
high”. Richard Monastersky 
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> Uesaka, a nuclear engineer at the Univer- 
sity of Tokyo. The flooding is believed to have 
irrevocably damaged the oil tank and other key 
parts of the system. 

With the cooling system crippled, reactor 
unit 1 at Daiichi was the first to heat up. Water 
in the core began to boil off, raising the tem- 
perature and pressure inside the massive steel 
containment vessel. As temperatures soared, 
the zirconium alloy coating the fuel apparently 
split or melted, reacting with the steam to pro- 
duce copious amounts of hydrogen gas. 

The pressure was reaching worrisome levels 
by the afternoon of 12 March, and Tokyo Elec- 
tric Power Company (TEPCO), which runs the 
plant, made the bold decision to vent radio- 
active steam. “There was no other choice,’ says 
Masashi Goto, a former engineer at Toshiba 
who is an expert on the design and testing of 
the containment vessel. At around 3:30 p.m., 
shortly after TEPCO announced the venting, 
an explosion rocked reactor number 1. This 
is thought to have been caused by hydrogen 
from the core. The blast was powerful enough 
to rip the superstructure of the reactor apart, 
although the hardened containment vessel 
appears to have remained intact. 


EXTREME MEASURES 

Reactor operators decided to take drastic 
action to prevent further melting of the fuel 
and a possible breach of the containment ves- 
sel. At 8:20 p.m. they began to flood unit 1 with 
sea water, effectively ruining the reactor. As an 
added safety measure, they injected neutron- 
absorbing boric acid into the core. 

Over the next two days, the two other oper- 
ating reactors at Fukushima Daiichi followed 
a similar path. On the afternoon of 13 March, 
more diesel generators at the site shut down, 
raising fears of overheating at units 2 and 3. That 
evening, operators filled unit 3 with sea water 
and boric acid. The following morning, it too 
was rocked by what seems to have been a mas- 
sive hydrogen explosion. Unit 2, meanwhile, 
reportedly lost almost all of its cooling water, 
and was filled with sea water on 14 March. 

At 6:14 a.m. on 15 March, the pressure- 
suppression pool beneath the containment 
vessel of unit 2 was rocked by a blast. Uesaka 
says that, unlike previous explosions, this one 
was much closer to the reactor core, releasing a 
higher density of radioactivity and raising fears 
of damage to the core and the surrounding 
containment vessel. At around the same time, 
unit 4 unexpectedly caught fire. The reactor 
had been shut down for inspection at the time 
of the earthquake, and it is thought that the 
fire occurred when old fuel rods, stored in 
deep pools in the building, became exposed 
and overheated, releasing explosive hydrogen. 
Immediately after the explosion and fire, an 
ominous spike in radiation was detected out- 
side the unit. Radiation monitors at the Daiichi 
plant briefly picked up radiation in the range of 
400 millisieverts per hour, 400 times the legal 
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limit and the highest rate since the crisis began. 

All three distressed reactors are thought to 
have at least partly melted down. Barring a 
full-scale meltdown or another fire in the spent 
fuel, the danger will subside with each day, as 
radioactive elements in the fuel decay. But 
most experts agree that to avert further dam- 
age, cooling will need to continue for weeks. 
The clean-up will take years or even decades. 

The situation remained in flux as Nature 
went to press, but it is clear that the ramifica- 
tions for the nuclear industry will be enormous 
worldwide. In Japan itself, critics were already 
questioning whether the nation’s 54 nuclear 
power reactors were adequately prepared to 
handle earthquakes, an issue raised in 2007 
after a massive quake struck the Kashiwazaki- 
Kariwa nuclear plant (see Nature 448, 392-393; 
2007). Regulators in Japan will no doubt take a 
hard lookat reactor safety in the coming weeks, 
which could delay the restart of even undam- 
aged plants. Elsewhere in the region, India has 
decided to ‘revisit’ its reactor plans. 

In Germany, where resistance to nuclear 
power is strong and vocal, the disaster imme- 
diately reopened the acrimonious debate about 
extending the lives of ageing reactors. In April 
2002, lawmakers restricted the working life of 
power stations to an average of 32 years, but 
last December the conservative government 
revised the law, extending the lifespans of 
power stations by a further 8 years for those 
built before 1980 and by 14 years for those 
built after this date. Now the German chan- 
cellor, Angela Merkel, has put a three-month 
moratorium on that extension to allow time 
to re-evaluate safety. Seven nuclear power sta- 
tions will be switched off during this period. 

Switzerland has similarly put its plans to 
replace ageing nuclear power stations on ice. 
The Italian government, however, said that 
the disaster in Japan will not affect its plans 
to resume nuclear energy generation, which 
halted in the wake of the Chernoby] disaster. 
And Poland’s prime minister expressed confi- 
dence in the safety of new reactor designs for 
the country’s first nuclear power station. 

The political and regulatory effects are likely 
to be equally far-reaching in the United States. 
“This disaster serves to highlight both the fra- 
gility of nuclear power plants and the potential 
consequences associated with a radiological 
release,’ Congressman Edward Markey (Dem- 
ocrat, Massachusetts) wrote in a letter to the 
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INSIDE THE CORE 


Fukushima’s boiling-water reactors are a 
fairly common design from the 1970s. 
During normal operation, nuclear fuel boils 
water, creating steam that can run a turbine. 


An earthquake strikes on 
11 March; control rods at the 
Fukushima Daiichi power station 
are immediately inserted into the 
cores of three operating reactors, 
halting power generation. 


Diesel back-up generators 
continue to circulate cooling water. 


Outer 
building 
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A tsunami strikes. In the 
hours and days that follow, 
cooling systems fail, causing the 
cores to heat up. Fuel elements 


may begin to deform and melt. 


Chemical reactions 
between the steam and heated 
fuel create volatile hydrogen 
gas inside all three reactors. 
The gas escapes the core, 
leading to multiple explosions. 


Operators inject sea water 
and boric acid into the reactor 
cores in order to prevent 
further meltdowns. 


US Nuclear Regulatory Commission (NRC), 
demanding details about the safety of current 
and future reactor designs. Ellen Vancko, an 
analyst at the Union of Concerned Scientists, 
a watchdog group based in Cambridge, Mas- 
sachusetts, notes that plans for a “nuclear 
renaissance” were already troubled by financ- 
ing difficulties and the low price of fossil fuels. 

But the greatest difficulty facing nuclear 
power may ultimately be renewed public fear, 
says John Large, a nuclear consultant based 
in London. As the accident unfolded, at least 
180,000 quake-stricken people were evacu- 
ated from their homes near the Daiichi plant 
and a neighbouring one that also experienced 
cooling problems. Images of children being 
scanned with Geiger counters by suited safety 
officials evoke memories of the Chernobyl 


Nuclear-fuel 
element 


Pressure- 
suppression 
pool 


disaster. “The real problem now, particularly in 
the United States and Europe, is that the public 
will have nothing to do with nuclear power for 
the next ten years,’ Large says. 

For his part, Grimes says that he believes 
the event actually proves the safety of nuclear 
power plants. Despite being more than 30 years 
old, and having faced the largest earthquake 
ever recorded in Japan and a towering tsunami, 
the reactors at Fukushima Daiichi have, so far, 
largely contained their dangerous radioactive 
fuel. “Actually, it’s a success,” Grimes says, then 
adds: “Although do I think the general public 
will be able to see that? I think the answer is, 
sadly, no” 


With additional reporting by Alison Abbott in 
Munich. 
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SCIENTIFIC DEBATE 


US free-speech law offers 
protection — at a price 


Some fear that law to aid whistle- blowers will expose researchers to smear campaigns. 


BY EUGENIE SAMUEL REICH 


aniel Klessig has had two open-heart 
D surgeries in the past eight years, and 

would gladly have two more rather 
than face another lawsuit like the one brought 
against him by Meena Chandok, his former 
postdoctoral researcher, in 2005 after Klessig 
alleged that she had falsified data. 

“Tt is the worst thing that ever happened in 
my life,” says Klessig, who studies plant immu- 
nology at the Boyce Thompson Institute for 
Plant Research (BTI) in Ithaca, New York. 

An institutional inquiry ultimately exon- 
erated Chandok of misconduct, but Kles- 
sig resoundingly defeated her lawsuit. The 
Court of Appeals for the Second Circuit in 
New York ruled on 13 January that he had 
a “legal or moral obligation” to describe his 
suspicions to journal editors, funding agen- 
cies and the BT] after other scientists were 
unable to replicate Chandok’s work. But 
Klessig says that years of anxiety over how 


he would pay the hundreds of thousands of 
dollars that he might owe if he lost made the 
lawsuit a crippling burden. 

Now, help may be at hand for whistle- 
blowers like Klessig, in the form of legislation 
soon to be introduced in the US Congress. 
Known as the Citizen Participation Act, 
the law would, its advocates say, make it 
easier for whistle-blowers to call out suspect 
research without facing the threat of a costly 
defamation suit, because specific provisions 
would enable the whistle-blowers to claim 
back attorneys’ fees from the plaintiff in the 
event that they won such a case. The effort 
parallels a libel-reform effort in the United 
Kingdom, where the Ministry of Justice is 
moving to ease the burden of notoriously 
plaintiff-friendly libel laws in England and 
Wales (see ‘Revised English law may liberate 
scientific discussior). 

Most scientists embrace the UK reforms, 
which would help them to fight defamation 
suits brought by companies. But the proposed 


LEGAL REDRESS 


US law elicits mixed reactions. Whereas some 
experts say that it would free whistle-blowers to 
speak up, others worry that it could backfire by 
restricting informants’ ability to sue when they 
themselves are attacked. According to David 
Lewis, director of the Research Misconduct 
Project at the National Whistleblowers Center 
in Washington DC, when government agencies 
or companies object to a scientist's work, “their 
most common tactic is to charge that scientist 
with false allegations of misconduct”. 


ASLAPP IN THE FACE 

Lewis has personal experience with the mat- 
ter. A former research microbiologist at the 
US Environmental Protection Agency, he 
was falsely accused of scientific misconduct 
in 2001 by Synagro Technologies, a biosolids 
company in Houston, Texas, after he investi- 
gated the possibility that sewage sludge spread 
on farm land had harmful effects on humans. 
The following year he responded with a defa- 
mation lawsuit that ended in a settlement with 


Revised English law may liberate scientific discussion 


“In just 18 months, libel has gone from 
being an issue no one cared about to the 
verge of a new defamation bill,” says Simon 
Singh, a British science writer. Last year, 
Singh (pictured) won a widely publicized 
suit brought by the British Chiropractic 
Association over comments that he had 
published in the newspaper The Guardian. 
His case, along with others in which scientists 
were sued by companies for publicly 
criticizing bad science, triggered a long- 
awaited reform to English and Welsh libel law 
that is expected to be made public by the UK 
Ministry of Justice this week. 

Singh expects the draft bill to include two 
measures that will redress the balance of a 
libel law that famously places undue burden 
on the defendant: he hopes it will prevent 
companies from having the same rights to 
reputation as individuals, and introduce a 
robust public-interest defence — something 
that the United States already has. “If I’m 
writing about a medical device or a drug 
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or an environmental issue, | should have 
additional protection,’ says Singh. 
Sile Lane, campaigns manager for Sense 
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about Science in London, which is pushing 
for libel reform, says that the use of libel 

law to shut down discussion is not the only 
problem with the system. It also discourages 
people with valid cases from suing. 

“At present, an ordinary person who 
thinks they’ve been defamed in a national 
newspaper doesn’t have access to the 
laws,” she says. Cases take too long to 
adjudicate, resulting in large legal bills and 
substantial risk for both parties, which gives 
an advantage to the side with most money. 
Steps to simplify the law and bring down the 
costs of defamation cases for both sides are 
the subject of a separate government review. 

In the United States, some argue that libel 
reform could leave scientists who have been 
the subject of smear campaigns with little 
legal recourse. But Singh says that in England, 
the law has until now been so restrictive that it 
is hard to imagine the balance moving too far 
in the other direction. E.S.R. 

Nature supports the Libel Reform Campaign. 


D. CRESSEY 


confidential terms. Lewis notes that the alle- 
gations haven't been repeated since he sued. 
(Synagro did not respond to a request for 
comment on the case.) 

The proposed US federal law grows out of 
initiatives taken by several states to deal with 
what is known in US libel parlance as a SLAPP 
(strategic lawsuit against public participation). 
The acronym was coined in the 1980s by Penel- 
ope Canan, a sociologist now at the University 
of Central Florida in Orlando, and George 
Pring, a law professor at the University of Den- 
ver, Colorado, to describe a meritless lawsuit 
brought by a corporation to intimidate people 
who criticize government decisions favourable 
to those corporations. A classic example is a 
suit brought by a developer against residents 
who oppose building 
plans in their towns. 
In response to Canan 
and Pring’s research, 
many states intro- 
duced statutes that 
would penalize par- 
ties who brought such 
strategic lawsuits. A 
focal point for the 
effort has been Cali- 
fornia, where the Cal- 


N 


ifornia Anti-SLAPP “It is the worst 
Project (CASP), thing that ever 
based in Berkeley, is happened in my 
now helping to craft life.” 

the Citizen Partici- Daniel Klessig 


pation Act. 

Supporters of a broad federal statute point 
to cases such as that of Rusi Taleyarkhan, 
a nuclear engineer at Purdue University in 
West Lafayette, Indiana, who was debarred 
from receiving federal funding in 2009 as 
a result of research-misconduct allegations 
brought in 2006. In 2008, Taleyarkhan sued 
the people who had made the allegations, 
including Lefteri Tsoukalas, the former 
head of nuclear engineering at Purdue. An 
Indiana court dismissed Taleyarkhan’s case 
in December 2010, although he has since 
filed an appeal. Tsoukalas’s defence attorney 
argues that the suit isa SLAPP under Indiana 
law, which would make Taleyarkhan respon- 
sible for both sides’ legal bills, but the courts 
have yet to rule on this aspect of the case. 

Peter Kurdock, legislative director of 
CASP’s Public Participation Project in 
Washington DC, says that under the pro- 
posed federal law, whistle-blowers who 
could show that their comments related to a 
matter of public interest — such as scientific 
misconduct — would be able to move a case 
against them to a federal court where, if it 

lacked merit, it could 
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Yet Canan, whom Kurdock credits with 
spearheading defamation reform in Cali- 
fornia, tells Nature that the latest legislation 
overreaches. “I think they're making a grave 
mistake,” she says. Canan believes that anti- 
SLAPP rules ought to focus on protecting 
comments made by citizens to the govern- 
ment, which come under the last clause of the 
US Constitution’s First Amendment: the right 
to petition. For scientists, that would mean 
extra protection for comments to a govern- 
ment funding agency, whereas comments to 
the media or journal editors would be separate 
issues of free speech and freedom of the press. 
Canan’s rationale is that the government has a 
unique need for uninhibited input to promote 
good governance. “I think they’re watering 
[the issue] down by including all free speech 
in it,” she says. 

Although an earlier version of the bill was 
introduced in 2009, during the last Congress, 
by representative Steve Cohen (Democrat, Ten- 
nessee), it never made it to a vote. Kurdock says 
that the alliance behind the reintroduction of 
a revised Act is confident that this time, it will 
have broad-based bipartisan support. “Libel 
lawsuits hit every segment of society with the 
explosion of free speech on the Internet?’ he 
says, “and that’s why we've seen a real strong 
interest on Capitol Hill”. 

The ambiguities associated with libel are 
most evident in instances that pit one scientist 
against another. In the BTI case, for example, 
Klessig won his lawsuit but lost a counterclaim 
that Chandok’s suit should be designated a 
SLAPP under New York state statutes. This 
would have increased Chandok’s burden of 
proof and required her to pay Klessig’s legal 
fees when she lost. 


A NECESSARY MEASURE? 

Klessig’s lawyer, Paul Battaglia of Bond, Schoe- 
neck & King, a law firm in Syracuse, New York, 
says that whistle-blowers in scientific miscon- 
duct cases urgently need anti-SLAPP legisla- 
tion to be broadened. “A federal statute would 
be beneficial because there would be a uniform 
standard. It would put an added burden on the 
researcher who brings the lawsuit and act asa 
disincentive for frivolous and unmeritorious 
lawsuits,’ he says. 

Kurdock says that in the United States, 
those who win defamation suits have little to 
fear from anti-SLAPP statutes, because the 
latest law is aimed at penalizing people who 
bring suits with little chance of success. But as 
a plaintiff who has recently lost a defamation 
lawsuit, Chandok feels that the ruling against 
her is punishment enough. She had hoped that 
the suit would help her to get the retractions 
of papers that she wrote with Klessig reversed, 
but that now seems unlikely. “I chose to file 
a lawsuit for justice for myself and postdocs 
everywhere. Unfortunately, I feel the court 
has validated everything that has been done 
to me,” she says. = 
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US physics feels 
the squeeze 


Obama’s pro-science 2012 budget hides some bitter pills 


for physical scientists. 


BY EUGENIE SAMUEL REICH 


describes his current task: laying off 13 of 

the 40 staff members at the Synchrotron 
Radiation Center that he directs at the Uni- 
versity of Wisconsin-Madison. 

The facility produces infrared and ultraviolet 
photons that some 300 scientists use each year 
to study the structure of materials, including 
semiconductors and high-temperature super- 
conductors. “Our last peer review said it would 
be a terrible mistake if we were closed, says 
Bisognano. But the National Science Foun- 
dation (NSF) had to trim its instrument and 
facilities budget by 15%, so it opted to cut fund- 
ing for the centre in the 2012 budget, making it 
likely that more lay-offs will follow. 

The difficult call in Wisconsin provides a 
visceral glimpse of how restricted budgets are 
starting to squeeze some areas of the physical 
sciences in the United States. Although Con- 
gress and President Barack Obama have yet to 
agree on a final 2011 budget, stop-gap spending 
bills have forced the NSF and other agencies 
to start cutting programmes. And the presi- 
dent’s proposal for a fiscal year 2012 budget 
reflects continuing pressure to cut spending. 


Jie Bisognano sounds strained as he 
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It does request solid increases for key agencies, 
with large boosts in energy research, but those 
increases are likely to be scaled back or reversed 
in Congress. Even as it stands, the 2012 budget 
is forcing agencies to terminate mature scien- 
tific initiatives to make way for new ones. 

That will undermine US supremacy in some 
areas of physics, warn researchers. And they 
complain that, in some cases, cuts have been 
made without consulting the scientific com- 
munity. For example, the budget proposes to 
shutter operations at the Holifield Radioactive 
Ion Beam Facility at Oak Ridge National Labo- 
ratory in Tennessee, saving US$10.3 million a 
year. Timothy Hallman, associate director for 
nuclear physics at the Department of Energy’s 
(DOE's) Office of Science, acknowledges that 
the decision was not put to the department's 
nuclear-science advisory committee, saying 
the department had to act quickly. 

The 2012 budget’s best-known victim is the 
Tevatron, the particle accelerator at Fermilab 
in Batavia, Illinois. The DOE planned to close 
the facility this year as operations scaled up 
at the more powerful Large Hadron Collider 
(LHC) near Geneva in Switzerland. But the 
Tevatron’s excellent performance prompted 
US researchers to request an extension, which 
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the DOE turned down because it would have 
cost $35 million a year. Postdocs such as Elisa 
Pueschel of the University of Massachusetts, 
Amherst, saw this coming three years ago. She 
moved from the Tevatron to the LHC, and 
says that many Americans there expect to stay 
abroad indefinitely. 

The DOE opted to close the Tevatron in 
part to focus on other experiments, including 
several aiming to capture elusive particles of 
dark matter or study the properties of neutri- 
nos. Lately, though, budget concerns have hit 
these plans too. The DOE and the NSF have 
yet to reach agreement on how to fund the 
Deep Underground Science and Engineering 
Laboratory (DUSEL), to be based in Home- 
stake, South Dakota, which would host many 
of these experiments. This project is estimated 
to cost between $800 million and $900 million. 

The United States leads the world in devel- 
oping the sophisticated beams, accelerators and 
detectors used in neutrino and dark-matter 
experiments. But it may no longer be eager 
to host them. “Lower-cost countries will say 
we'll dig the hole to put your detectors in,” says 
Milind Diwan of Brookhaven National Labora- 
tory in Upton, New York, a co-spokesman for 
the Long Baseline Neutrino Experiment, to be 
based at DUSEL. 


SPACE WOES 

The space sciences also face tough times. 
Last week, a review panel recommended that 
NASA make a Mars sample-return mission its 
top priority in planetary science. But the panel 
assumed a budget much higher than the one 
NASA stands to receive, and agency officials 
say the mission may be unaffordable. 

The James Webb Space Telescope, the 
replacement for the Hubble Space Telescope, 
is adding to NASAs budget pressure. Its cost 
has ballooned to $6.5 billion — nearly half of 
NASAs astrophysics budget — and is squeez- 
ing mature, productive missions. For example, 
Suzaku, an X-ray satellite run jointly by NASA 
and the Japanese space agency JAXA, will 
lose its US support of $2.5 million in the 2012 
budget. The satellite has unrivalled resolution in 
the high-energy part of the X-ray spectrum. But 
itis not known whether JAXA will keep it going 
without US support. 

Jon Miller, an astrophysicist at the Univer- 
sity of Michigan in Ann Arbor who chairs the 
Suzaku users’ group, is pessimistic about the 
future for US astrophysics. “High-energy astro- 
physics is a field where you get good return for 
the dollar, and it’s being made to suffer,” he 
says. Jon Morse, astrophysics division direc- 
tor at NASA, says the agency sought to balance 
funding of existing missions with the goal of 
increasing the launch rate for future missions. 

Rob Roser, spokesman for the Collider 
Detector at Fermilab experiment, says he tries 
to convince himself that good times will return. 
“My dream would be yes. But I don't know how 
good an imagination I have today,’ he says. = 
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Hidden toll of embryo ethics war 


Federal funds continue to be withheld for stem cells derived without destroying embryos. 


BY HEIDI LEDFORD 


t its heart, the ongoing legal battle to 
At US federal funding for research 

on human embryonic stem (ES) cells 
seeks to protect embryos. 

But Nature has learned that in a bitter irony, 
the dispute seems to be holding up research 
on lines of human ES cells that can be derived 
without destroying embryos. The delay is also 
hampering work that researchers say could 
help to make adult cells a viable 
source of stem cells for therapies 
in a wide range of diseases. 

In 2009, the US National 
Institutes of Health 
(NIH) unveiled draft 
guidelines on the 
human ES cell work 
that would be eligi- 
ble for government 
funds. But public 
comments on the 
draft recommended 
amore precise definition 
of the eligible cells. Rather 
than classing human ES cells 
as those derived from a human 
embryo, as the NIH had done origi- 
nally, the agency was advised to restrict 
the definition to cells derived from a blasto- 
cyst — an embryo of more than 100 cells. In 
making that change, however, the NIH inad- 
vertently excluded a handful of lines that had 
been derived from a single cell — a blasto- 
mere — plucked from an eight-celled human 
embryo (pictured). Although deriving stem 
cells from a blastocyst destroys it, extracting 
a single blastomere — something routinely 
done to look for defective genes in embryos 
intended for in vitro fertilization — seems to 
do no harm, leaving a viable embryo that can 
be frozen. 

Last year, the NIH proposed a further 
change to the ES-cell definition that would 
make lines derived from embryos younger 
than blastocysts eligible for funding (see 
Nature doi:10.1038/news.2010.85; 2010). But 
the agency was overtaken by the court decision 
in August 2010 that halted NIH support for all 
research on human ES cells. The court ruled 
that such research conflicted with prohibitions 

on using government 
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to continue until further court rulings are 
made (see Nature 470, 156-159; 2011). 

The NIH has continued to approve new cell 
lines for federal funding under the original 
guidelines, but faced with so much uncertainty 
over the court case, the proposed changes to 
the definition of human ES cells have fallen by 
the wayside (see ‘Battle lines’). Asked when the 
NIH would take action on the guidelines, an 
agency spokesperson declined to comment. 

“It’s extremely painful,” says Susan Fisher, a 

developmental biologist at the Univer- 
sity of California, San 
Francisco, who sub- 
mitted ten single- 
blastomere lines 
for NIH approval 
in December 
2009. “We have 
invested so much 
time and effort to 
make these cells 
and now there 
they sit in virtual 
purgatory.” 

In contrast, gov- 

ernments in other coun- 
tries are funding efforts to 
generate single-blastomere lines for 

stem-cell banks. “I think this is the right 
approach for the field in the future,” says Carlos 
Simon Vallés, who heads the Valencia branch 
of Spain’s national stem-cell bank, and who is 
creating such lines. “Nobody likes to destroy 
embryos.” 

In the United States and the United King- 
dom, companies are planning to do similar 
work with private funding. Advanced Cell 
Technology (ACT), headquartered in Santa 
Monica, California, and Roslin Cells in Edin- 
burgh, UK, are in discussions to establish 
banks of stem cells derived from blastomeres; 


the embryos themselves will be frozen rather 
than destroyed after the procedure. 

Some researchers say that the restrictions on 
US federal support for single-blastomere lines 
could hamper efforts to explore the potential of 
stem cells generated from adult tissue. Called 
induced pluripotent stem (iPS) cells, these 
were once heralded as a potential replacement 
for ES cells. But recent findings suggest that 
they differ in some ways from ES cells (see 
Nature 470, 13; 2011). How those differences 
affect pluripotency — the ability to develop 
into many of the body’s cell types — remains 
unclear. “The ultimate question for the field 
now is what defines pluripotency,’ says Chad 
Cowan, a stem-cell researcher at Harvard 
Medical School in Boston. 

Early data from Fisher's lab — from studies 
funded by the California Institute of Regen- 
erative Medicine — suggest that single-blas- 
tomere ES cells are even more malleable than 
those from blastocysts. “Not having federal 
funds used on cell lines derived from earlier 
embryos can stifle our opportunity to under- 
stand this pluripotent state,” says Cowan. 

“Single-blastomere lines are several times 
more efficient at generating certain replace- 
ment cell types than are the dozens of other 
human embryonic stem-cell lines we've tested,” 
adds Robert Lanza, chief scientific officer at 
ACT, which has patented the single-blastomere 
technique. 

For ACT, the funding restrictions also 
threatened to delay a clinical trial. The com- 
pany had been counting on funding from the 
Foundation Fighting Blindness, a non-profit 
organization based in Columbia, Maryland, 
to back its trial ofa therapy for Stargardt’s dis- 
ease, a hereditary cause of blindness in chil- 
dren. But the human ES cells in the therapy 
were derived from a blastomere, and as the 
foundation draws its clinical-trial support 

from the federally funded 
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later this year. = 
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EUROPEAN LAW 


Europe rules against 
stem-cell patents 


Work with human embryonic stem cells is ‘contrary to ethics’. 


BY ALISON ABBOTT 


after the Court of Justice of the European 

Communities issued an opinion last week 
questioning the ethics of their work and threat- 
ening to ban them from patenting procedures 
that involve human embryonic-stem-cell lines. 
Some scientists fear that the opinion could also 
prompt European countries to tighten their leg- 
islation on such research, or ban it altogether. 

“It’s the worst possible outcome,’ says Oliver 
Briistle, director of the Institute of Reconstruc- 
tive Neurobiology at the University of Bonn in 
Germany. 

The lengthy legal debate was sparked by 
Briistle’s 1991 patent of a technique to gen- 
erate nerve cells from established human 
embryonic-stem-cell lines. The environmen- 
tal group Greenpeace, based in Amsterdam, 
challenged the patent in 2004, arguing that 
the destruction of human embryos involved 
in deriving the cell lines was “contrary to public 
order” and breached guidelines set out in the 
European Patent Convention. 

In 2006, Germany’s federal patent court 
in Munich ruled in Greenpeace’s favour, so 
Briistle appealed to the Federal Court of Justice 
in Karlsruhe. That court in turn referred the 
case to the European court (see Nature 462, 
265; 2009). 

Judge Yves Bot, the case’s adjudicator, 
concluded on 10 March that even if they do 
not involve the direct destruction of embryos, 
techniques involving human embryonic-stem- 
cell lines are not patentable because they are 
tantamount to making industrial use of human 
embryos, which “would be contrary to ethics 
and public policy”. 

Bot’s opinion will now be considered by 
the 13 judges in the European court’s Grand 
Chamber. A final decision is expected in about 
two months, but a spokesperson for the Euro- 
pean court notes that few preliminary opinions 
are reversed. And although the final decision 
will not be binding on Germany’s federal court, 
it is likely to sway the German decision. 

Bristle still hopes that his patented work 
will eventually lead to the generation of nerve 
cells that could be used to repair damage to the 
brain or spinal cord. But “if we are not allowed 
to protect our inventions in Germany, we won't 
be able to compete in the international market 
for new disease therapies’, he says. 


tem-cell researchers in Europe are reeling 
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‘Stop patents on life’, protest Greenpeace activists. 


The decision is also likely to cause trouble 
beyond the issue of patenting. In Europe, laws 
governing stem-cell research vary widely from 
country to country. The United Kingdom and 
Sweden, for instance, are relatively liberal and 
allow research on newly collected human 
embryonic stem cells that are still totipotent, 
meaning that they could develop into a human 
if they were transplanted into a womb. Others 
are more restrictive. Germany allows research 
only on imported human embryonic-stem-cell 
lines created before May 2007. Such cultured 
cell lines are merely pluripotent — capable of 
developing only into defined tissue types. And 
some countries, including Ireland, have yet to 
legislate on the issue. 

Although Bot noted that pluripotent stem 
cells cannot be defined as embryos because 
“they are no longer capable of developing into 
a complete human being”, he did say that the 
embryonic source of pluripotent cells “cannot 
be ignored”. 

As his opinion places such importance 
on the embryonic origin of the cell lines — 
irrespective of how long ago they were estab- 
lished — some think that the ruling is likely 
to encourage vacillating countries to intro- 
duce restrictive laws or complete bans on the 
research. Hans Schdler, a stem-cell researcher 
and director of the Max Planck Institute for 
Molecular Biomedicine in Miinster, Germany, 
says that such countries are “quite obviously 
going to refer to a legal opinion at the Euro- 
pean level for guidance”. m 
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FIGHTING FOR A 


LAUSE 


When Judy Mikovits found links between chronic fatigue syndrome 
and a virus, the world took notice. Now, she’s caught between the 
patients who believe her work and the researchers who don’t. 


BY EWEN CALLAWAY 


nasunny January afternoon in Santa Rosa, California, a 
small crowd waits patiently for Judy Mikovits to arrive. She 
is scheduled to deliver a talk on a mysterious virus called 
XMRY, which she believes underlies chronic fatigue syn- 
drome. Although she’s two hours late — held up by fog at San 
Francisco International Airport — not a single person has 
left. And when she arrives, they burst into applause. 

To arapt audience, she gives a chaotic and wide-ranging talk that 
explores viral sequences, cell-culture techniques and some of the criti- 
cisms that have been thrown at her since she published evidence’ ofa 
link between XMRV and chronic fatigue in 2009. Afterwards, Mikovits 
is swarmed by attendees. A middle-aged woman who spent most of 
the talk in a motorized scooter stands up to snap pictures of her with a 
digital camera. Ann Cavanagh, who has chronic fatigue and has tested 
positive for XMRYV, says that she came in part for information and in 
part to show her support for Mikovits. “I just wish there were a hundred 
of her,’ Cavanagh says. 

The event was “surreal”, says Mikovits, a viral immunologist at the 
Whittemore Peterson Institute for Neuro-Immune Disease (WPI) in 
Reno, Nevada. She is discomfited by the attention from patients, which 
at times borders on adulation. But her reception among scientists has 
been markedly cooler. Numerous follow-up studies have found no link 
between the virus and the disease; no group has published a replication 
of her findings; and some scientists argue that XMRV is an artefact of 
laboratory contamination. Now, even some of Mikovits’s former col- 
laborators are having second thoughts. 

Mikovits has dug in, however, attacking her critics’ methods and 
motives. She says that their distrust of her science stems from doubts 
about the legitimacy of chronic fatigue syndrome itself. Chronic 
fatigue, also known as myalgic encephalomyelitis, affects an estimated 
17 million people worldwide, but it is extremely difficult to diagnose. 
Many with the disorder are told that their symptoms — which include 
exhaustion, joint and muscle pain, cognitive issues, and heart and 
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respiratory problems — are psychosomatic. “I had no idea there was 
that much bias against this disease,’ Mikovits says. 

The stakes are high and many are taking the risks seriously. Several 
countries have barred people with chronic fatigue from donating blood 
in case the virus spreads (see ‘Something in the blood?’). And the US 
government has launched a US$1.3-million study to investigate the link. 
Patients are already being tested for XMRV, and some are taking anti- 
viral drugs on the assumption that the virus causes chronic fatigue by 
attacking their immune defences. Many say that such action is prema- 
ture, but Mikovits is steadfast. “We're not changing our course,’ she says. 


FIRST FINDINGS 

In October 2007, Mikovits attended a prostate-cancer meeting near 
Lake Tahoe, Nevada, where she met Robert Silverman, a virologist at 
the Cleveland Clinic in Ohio. Silverman co-discovered XMRV, which 
stands for xenotropic murine leukaemia virus-related virus’. While 
examining human prostate tumours, he and his collaborators found 
genetic sequences that resemble retroviruses found in the mouse 
genome. Like all retroviruses, XMRV rewrites its RNA genome into 
DNA on infection, then slips the DNA into the genomes of host cells. 
Ancient remnants of such viruses litter animal genomes. But the only 
active retroviruses conclusively linked to human disease are HTLV-1, 
which causes leukaemia, and HIV. 

At the meeting, Silverman was presenting research linking XMRV 
to deficiencies in a virus-defence pathway. Mikovits recalled that the 
same pathway was weakened in some patients with chronic fatigue. 
She wondered whether the prostate-tumour virus could also be behind 

chronic fatigue. After the meeting, Silverman 
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= 
Judy Mikovits says that she will not abandon the hypothesis that XMRV and related viruses cause chronic fatigue syndrome, despite a growing chorus of critics. 


programme. The WPI was founded in 2006 by physician Daniel Peter- 
son, an expert on chronic fatigue, and by Annette Whittemore, the wife 
ofa well-connected Nevada businessman, whose daughter Andrea has 
had chronic fatigue for more than 20 years. The Whittemores spent 
$5 million establishing the WPI, and several million more to support 
Mikovits’s research, which has attracted few other grants. 

At the WPI, Mikovits established a sample collection from Peterson's 
patients and began screening it for signs of an infection. A litany of 
pathogens has been linked to chronic fatigue over the years, including 
Epstein-Barr virus, Borna disease virus, human herpes virus 6 and 
HTLV-2. None panned out. Still, the disorder bears some hallmarks of 
an infection. Many patients 
report acute illness before 
chronic symptoms appear, 
and their bodies often show 
signs of an immune system at 
war. The disease can also crop 
up in apparent outbreaks, 
including one characterized 
by Peterson near Lake Tahoe 
in the 1980s. 

Just before Christmas 2008, Mikovits turned her attention to 
Silverman's reagents. She and her postdoc, Vincent Lombardi, known 
as Vinny, asked a graduate student to test for XMRV DNA in white blood 
cells from some of the most seriously ill people being studied at the WPI. 

The first try turned up just two positives out of 20. But by tweaking 
the conditions of the test, Mikovits says her team found XMRV inall 20. 
“Vinny and I looked at each other and said, “Well, that’s interesting’” she 
says. They spent the next few weeks convincing themselves that they 
were onto something, and soon conscripted Silverman and Mikovits’s 
former mentor at the NCI, Frank Ruscetti, to help prove that XMRV 
infection was behind chronic fatigue. 

“We really retooled our entire programme and did nothing but focus 
on that,’ she says. They kept the effort under wraps, dubbing it ‘Project 
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X. Even Peterson and the Whittemores weren't clued in. Mikovits says 
that the secrecy was necessary because her team also found XMRV 
in the blood of some healthy people, raising concerns about blood 
products. She hoped to build an airtight case because she worried that 
sceptical public-health officials would undermine her work. 

In May 2009, the team submitted a paper to Science reporting the 
identification of XMRV genetic material in two-thirds of the 101 
patients with chronic fatigue they had tested and in 3.7% of 218 healthy 
people. They also included data suggesting that infected white blood 
cells could pass the virus on to uninfected cells. 

Reviewers wanted more evidence: a clear electron micrograph of 
virus-infected cells, proof that patients mounted an immune response 
to the virus, an evolutionary tree showing XMRV’s relationship to other 
viruses and the locations where viral DNA was integrating into patient 
genomes. Mikovits’s team went to work. “None of us took any time off, 
not even a weekend,’ she says. They resubmitted the paper in early July 
with everything the reviewers had asked for, except the DNA integra- 
tion sites, which many scientists consider a gold standard in proving 
a retroviral infection. 

Later that month, NCI officials who had learned about the work 
invited Mikovits to give a talk at a closed-door meeting with other 
XMRV researchers and government scientists. “When I finished speak- 
ing you could’ve heard a pin drop,’ she says. Mikovits says she thinks at 
least one of her manuscript’s reviewers was at the meeting, because soon 
after, she got a call from a Science editor. Their paper had been accepted. 

Jonathan Stoye, a retrovirologist at the MRC National Institute for 
Medical Research in London, wrote a commentary about the paper for 
Science’. He had never heard of Mikovits, but Frank Ruscetti’s name on 
the paper gave him confidence, he says, and “ifit were true, it was clearly 
very important” Stoye’s co-author John Coffin, a retrovirologist at Tufts 
University in Boston, Massachusetts, says he was satisfied with the data 
and thought it was time to “let the field and public chew on them”. 

The BBC, US National Public Radio, The New York Times, The Wall 
Street Journal and dozens of other news outlets covered the research. 


17 MARCH 2011 | VOL 471 | NATURE | 283 


© 2011 Macmillan Publishers Limited. All rights reserved 


| NEWS FEATURE 


“Prostate cancer pathogen may be behind 
the disease once dubbed ‘yuppie flu’? Nature 
announced on its news website the day the 
paper came out. Phoenix Rising, a forum for 
patients with chronic fatigue that has become 
a hub for all things XMRY, called the work a 
“game changer’, and patients flocked to learn 
more about a virus that they hoped would 
explain their condition. But others, includ- 
ing Britain’s leading chronic fatigue patient 
group, urged caution until more research but- 
tressed the link. 

The first negative findings started to arrive 
in January 2010 — failing to find XMRV in 
186 people with chronic fatigue from the 
United Kingdom’. A month later, a team 
including Stoye published a paper® showing 
no evidence of XMRV in more than 500 blood 
samples from patients with chronic fatigue 
and healthy people. One day later, the British 
Medical Journal accepted a paper reporting 
more negative results in Dutch patients®. Stud- 
ies began piling up so fast that Coffin made 
a scorecard to show at talks. “I’ve lost count 
now, he says. 

Mikovits says that the discrepancies can be 
explained by differences in the geographical 
distribution of XMRV or in the methods used. 

The most common way to detect XMRV 
is PCR, or polymerase chain reaction, which 
amplifies viral DNA sequences to a level at 
which they can be identified. Mikovits and 
her team used this method to detect XMRV 
in some of their patients, but she contends 
that the most sensitive way to detect the virus 
is to culture patients’ blood cells with a cell 
line in which the virus replicates more quickly. 
This should create more copies of the virus, 
making it easier to detect with PCR and other 
techniques. She says that none of the nega- 
tive studies applied this method exactly, a 
fact that annoys her. “Nobody’s tried to 
rep-li-cate it,” she says, sounding out each syl- 
lable for emphasis. 

In summer 2010, some evidence emerged 
in Mikovits’s corner. Harvey Alter, a hepatitis 
expert at the NIH’s Clinical Center, and his 
team identified viruses similar to XMRV in 
32 of 37 people with chronic fatigue and in 3 
of 44 healthy people. They were preparing to 
publish their results in the Proceedings of the 
National Academy of Sciences. But scientists at 
the Centers for Disease Control and Preven- 
tion (CDC) in Atlanta, Georgia, were about to 
publish a negative report. The authors delayed 
publication of both papers” for several weeks 
to assess discrepancies. The move agitated 
Mikovits as well as the chronic-fatigue com- 
munity, who suspected that important data 
were being suppressed. 

When Alter’s work came out in late August’, 
Mikovits was ecstatic, and the WPI released 
a YouTube video of her touting it. For other 
researchers, however, the new paper had short- 
comings. The viral sequences from Alter’s 
paper differed from XMRYV, says Greg Towers, 


a retrovirologist at University College London. 
“He doesnt get variation, he gets a totally dif- 
ferent virus.” Towers says that mouse DNA, 
which is chock-full of virus sequences like 
those Alter’s team found, probably contami- 
nated their samples, which were collected in 
the 1990s. But Alter says that his team found 
no contamination from mouse DNA and 
recovered the same viral sequences from the 
same patients sampled a decade later. 
Contamination became a dirty word 
for Mikovits. Just before Christmas 2010, 
Retrovirology published four papers” * that 
highlighted laboratory contamination as a 
possible explanation for her findings. One 
showed, for example, that mouse DNA 
contaminates an enzyme from a commercial 
kit commonly used for PCR. Coffin, an 
author on two of the Retrovirology papers, 
urges caution against over-extrapolating. 
These papers do not say that contamination 
explains Mikovits’s results, he says, just that 
extreme care is required to avoid it. 
Towers and his colleague Paul Kellam, 
a virologist at the Wellcome Trust Sanger 
Institute near Cambridge, UK, are less chari- 
table, however. Their study'* showed that 
the XMRV sequences that Mikovits and Sil- 
verman had extracted from patients lacked 
the diversity expected of a retrovirus that 
accumulates mutations as it passes between 
patients. “This doesn’t look like an onwardly 
transmittable infectious virus,’ says Kellam. 
A press release for the paper issued by the 
Sanger Institute put it more bluntly: “Chronic 
fatigue syndrome is not caused by XMRV.’ 
Mikovits is riled when the topic turns 
to Towers’s paper over dinner one night in 
Reno — “Christmas garbage’, she calls it. 
Contamination cannot explain why her team 
can reproduce its results both in her lab in 
Reno and at Ruscetti’s at the NCI, she says. 
Her team checks for contamination in reagents 
and in the cells it grows the patients’ samples 
with. She says that her team has also collected 
viral sequences that will address Towers’s 
and Kellam’s criticism but that it hasn't yet 
been able to publish them. Meanwhile, 
an unpublished study of patients in 
Britain with chronic fatigue bears out 
the link to XMRYV, she says. “I haven't 
for one second seen a piece of data that 
convinced me they’re not infected.” 
Jay Levy, a virologist at the Univer- 
sity of California, San Francisco, has a 
window in his closet-sized office that 
looks out into the laboratory where, 
in the 1980s, he became one of the 
first scientists to isolate HIV. After 
his discovery was scooped by other 
researchers, Levy turned his attention to 
chronic fatigue and started a long but fruitless 
search for an infectious cause. 
Now, Levy is putting the finishing touches 
on what could be the most thorough response 
yet to Mikovits’s Science paper, adopting the 


SOMETHING IN THE BLOOD? 


Researchers and public-health officials 
are scrambling to determine whether 
blood products could be spreading the 
virus XMRV, which has been linked to 
chronic fatigue syndrome (CFS) and 
prostate cancer. 


2009 


October Judy Mikovits publishes a paper 
showing XMRV in two-thirds of patients 
with CFS and in 4% of healthy individuals’. 


December The US Department of 
Health and Human Services establishes a 
working group and the AABB (formerly 
the American Association of Blood 
Banks) organizes a task force to assess the 
prevalence of XMRV in blood products 
and the risk of its transmission. 


2010 
April Australia, Canada and New Zealand 


ban people with a history of CFS from 
donating blood. 


June The task force recommends that 
patients with CFS be discouraged from 
donating blood in the United States. 


November Britain bans patients with CFS 
from donating blood, officially to protect 
them from a decline in health. 


December The working 
group reports discordant 
results of a pilot study on 
XMRYV blood contamination, 
but recommends banning 
patients with CFS from donat- 
ing blood. 


The American Red Cross 
bans blood donations from 
people with a history of CES. 


2011 


March Ata retrovirology meeting in 
Boston, Massachusetts, researchers present 
data suggesting that XMRV is a laboratory 
artefact and not a human pathogen. 
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Bumper stickers are just one of the supportive gifts given to the WPI. 


same cell-culture techniques to detect the virus and using samples from 
the same patients. He's done this with the help of Daniel Peterson, who 
left the WPI in 2010 for what Peterson says are “personal reasons”. 
Peterson has questioned the institute's singular pursuit of XMRV, a 
research direction that was pursued without his consultation. 

Mikovits says that she kept the XMRV work secret from Peterson 
over fears he would tell his patients, and left his name off the original 
Science manuscript until a reviewer questioned the omission. When 
asked whether that episode contributed to his departure, he says, “I was 
surprised at the secrecy and lack of collaboration,’ As for his motivation 
to team up with Levy: “I’m just trying to get to the truth. It’s my only 
motive, because this is such a deserving group of patients who need to 
know what’s going on” 

Others, too, are rallying for a definitive answer. Ian Lipkin, a 
microbial epidemiologist at Columbia University in New York, has a 
reputation for getting to the bottom of mysterious disease-pathogen 
links. His team debunked the association between Borna disease 
virus and chronic fatigue, for example. Now he is spearheading the 
$1.3-million effort funded by the US government. He is leaving the 
testing to three labs: Mikovits’s at the WPI, Alter’s at the NIH and the 
CDC. Each will receive coded samples of white blood cells and plasma 
from 150 patients with chronic fatigue and from 150 healthy controls. 
The labs will test for XMRV using their method of choice. Lipkin will 
crunch the data and unblind the samples. 

But even if a study confirms the link to chronic fatigue, it won't be 
able to determine whether the virus is the cause. XMRV could, for 
example, be an opportunistic infection affecting those whose immune 
systems are already dampened by chronic fatigue. Even Mikovits can 
only hypothesize as to how it might cause disease. 

The virus might not even exist as a natural infection. At a retrovirus 
conference this month in Boston, Massachusetts, Coffin and his col- 
league Vinay Pathak at the NCI in Frederick, Maryland, presented data 
showing that XMRV emerged in the 1990s, during the development of 
a prostate-tumour cell line called 22Rv1. Developing the line involved 
implanting a prostate-tumour sample into mice, retrieving cells that 
might divide indefinitely and repeating the process. But looking back 
at DNA samples taken throughout the cell-line’s development showed 
that human cells became infected only after passing through several 
different mice. Importantly, XMRV’s sequence seems to have come 
from two different mouse strains. “They just sort of snapped together 
like two puzzle pieces,’ says Coffin, an event extremely unlikely to have 
happened twice. 

XMRV sequences retrieved from patients with prostate cancer and 
chronic fatigue — including some who have had chronic fatigue since 
the mid-1980s — are nearly identical to the virus from 22Rv1 cells. 
The implication, says Coffin, is that this virus, born in a laboratory, has 
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probably been infecting samples for more than a decade, but not people. 
“Although people on the blogs aren't going to believe me, I'm afraid this 
is by far the most reasonable explanation for how XMRV came to be,” 
says Coffin, who hoped that the association with chronic fatigue would 
pan out and still thinks some pathogen other than XMRV could explain 
the disease. 

Silverman, who no longer works with Mikovits, says that he wasn’t 
using 22Rv1 cells when XMRV was discovered. Nonetheless, the work 
has rattled his confidence in XMRV’s link to both prostate cancer and 
chronic fatigue. 

Mikovits, however, is undeterred. The WPI owns a company that 
charges patients up to $549 to be tested for XMRV, and Mikovits believes 
that patients who test positive should consult their doctors about get- 
ting antiretroviral drugs normally prescribed to those with HIV. Levy 
and others worry that she is overreaching. “That's scary for me. These 
antiretroviral drugs are not just like taking an aspirin,’ he says. Mikovits 
argues that they might be some patients’ only hope. “The people who 
we know they’re infected should have a right to get therapy,’ she says, 
“They have nothing. They have no other choice” 


CONTEXT AND DEBATE 

Back in her Reno laboratory two days after the talk in Santa Rosa, 
Mikovits examines a stack of small plastic flasks under a microscope. 
Some contain patient cells that she hopes will turn into cell lines and 
churn out XMRV. “On Wednesdays I get to take care of my cells, and 
that’s where I’m the happiest,” she says. 

She has just come off the phone from a sobbing patient infected with 
XMRV whose symptoms had worsened. “They call me every single day,’ 
Mikovits says. “I don’t do science any more. I spend so much time try- 
ing to understand the patients, to understand this disease. People have 
moved to Reno to be here,’ she says. They’ve left gifts: stuffed animals, 
and stacks of bumper stickers that say “Today’s Discoveries, Tomorrow’s 
Cures” and, more boldly, “It’s the virus XMRV”. 

Mikovits clearly shares in the frustration of those with chronic 
fatigue who have been marginalized over the years and told that their 
disease is not real. She says that this disbelief in the disorder drives the 
criticism of her work. Kellam and the others say that this isn’t true. They 
don’t deny the existence of the syndrome or even the possibility of an 
infectious origin. “What we're trying to understand is the aetiology,” 
Kellam says. “It’s a scientific debate.” 

Mikovits says that she’s analysed all the papers critical of her work 
and found flaws in each of them. Nevertheless, she’s quick to endorse 
findings that support her work. She claims that Coffin and Pathak’s 
study, for example, “says nothing about human infection”. Yet new 
work presented at a different meeting that found XMRV using next- 
generation DNA sequencing offers “no doubt it’s not contamination 
— that the whole story’s real’, she says. 

Despite the growing choir of sceptics, Mikovits says that she has 
simply seen too many data implicating XMRV and other related 
viruses in chronic fatigue to change her mind. For her supporters, 
that steadfastness offers legitimacy and hope. “The scientists are mov- 
ing forward,’ she announced at her talk in Santa Rosa, “and I think 
the politics will go away shortly.” The crowd responded with vigorous 
applause. m SEE EDITORIAL P. 266 


Ewen Callaway writes for Nature from London. 
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Unification + 150 


In 1861, James Clerk Maxwell unified electricity, 
magnetism and light. Experiments under way today could 
inch physicists closer to combining everything else. 

BY M. MITCHELL WALDROP 


hen it happens — if it happens 
— don’t look for Hollywood- 
style drama. Physicists at the 
Large Hadron Collider (LHC) 
outside Geneva in Switzerland 
won't suddenly gasp with astonishment, and 
their monitors wont flash the message, “Higgs 
boson detected” 

Instead, the discovery will unfold over 
the course of months. Computers will trawl 
through petabytes (10’° bytes) of collision 
data in search of a handful of distinctive 
events that might signal their quarry’s exist- 
ence, while physicists cross-check every can- 
didate. Only when they have accumulated 
enough events to be sure — maybe a dozen 
— will they publicly proclaim the discovery 
of the sought-after Higgs. 

Even so, the announcement will be dra- 
matic — and timely. Exactly 150 years ago, the 
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Scottish physicist James Clerk Maxwell showed 
that three apparently separate phenomena — 
electricity, magnetism and light — are different 
aspects of one phenomenon, today known as 
electromagnetism (see page 289). The Higgs 
discovery could take that unification a giant 
step further by filling in the last and most criti- 
cal piece of the ‘standard model; an extension 
of Maxwell's equations that encompasses three 
of the four forces of nature: electromagnetism 
and the weak and strong forces that act on sub- 
atomic particles. The Higgs boson is thought to 
interact with electrons, quarks and other fun- 
damental particles, endowing them with mass 
— and thus making it possible for the standard 
model to describe the Universe as we know it. 

This puts the standard model as it is today in 
the same position as Maxwell’s theory before 
experiments demonstrated the existence of 
electromagnetic waves, says Frank Wilczek, 
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a physicist at the Massachusetts Institute of 
Technology in Cambridge, and co-recipient 
of the 2004 Nobel Prize in Physics for his part 
in creating the model. “It looks good, lots of its 
predictions have been verified, but the most 
dramatic new thing remains to be verified.” 

But even if the Higgs boson is discovered 
as predicted, physicists will not be satisfied. 
The ultimate goal is a unification theory 
that would reveal how all observed particles 
and forces are just different manifestations 
of a single underlying system, which can be 
expressed within a common mathematical 
framework. Such an elegant result is not pos- 
sible with the standard model, which includes 
the strong force that binds the atomic nucleus 
only as an afterthought, and has nothing at 
all to say about gravity. The standard model 
also has no explanation for dark matter, an 
invisible substance that outweighs the ordi- 
nary matter in stars and galaxies by a factor 
of roughly five. 

Although physicists agree that some kind 
of larger unification is needed, they don’t 
know what form that should take. For four 
decades, nearly as long as the standard model 
has existed, researchers have been speculating 
about ways to extend it with exotic ideas such 
as supersymmetry, extra dimensions and holo- 
graphic space-time. “The situation is that there 
are a bunch of hypotheses on the table, most of 
them not new, with no experimental support 
for any of them,’ says Lee Smolin, a physicist at 
the Perimeter Institute for Theoretical Physics 
in Waterloo, Canada. 

“The good news,” says Smolin, “is that the 
experiments are finally being done.” Within a 
few years, thanks to the LHC and other experi- 
ments, physicists should have a much clearer 
idea of which theoretical notions are real and 
will take their place in the ultimate unification. 


SUPERSYMMETRY 

If the Higgs boson turns out to be exactly 
what is predicted from the standard model, 
it will have zero internal angular momentum 


(‘spin-0’), and a mass somewhere between 
115 and 180 billion electron volts (GeV) in the 
energy units favoured by particle physicists. 
But such a match would be pretty boring, says 
John Ellis, a theoretical physicist at King’s Col- 
lege London. It would be much more fun, he 
thinks, if the LHC physicists didn’t find any- 
thing. “After all those years of speculating, we 
finally look under the appropriate lamp post, 
and it’s not there at all!” says Ellis. That would 
force the theorists back to the drawing board, 
“but there are various drawing boards to go 
back to”. There could be more complicated 
ways of generating mass, or something more 
unexpected. “That would be very exciting,” 
says Ellis. 

Alternatively, he says, it is entirely possible 
that the LHC will turn up not one Higgs parti- 
cle, but a whole family of them. That would be 
a sign of supersymmetry, a theory that predicts 
a zoo of as-yet unobserved ‘superparticles, one 
to match each of the 25 particles in the stand- 
ard model — the force-carrying bosons such 
as photons, gluons and the Higgs, and the fer- 
mions, such as quarks and electrons, which 
make up matter. These superpartners would 
be heavy — at least 600 GeV. 

Supersymmetry appeals to physicists 
because it provides a unified mathematical 
description of bosons and fermions, which 
otherwise seem utterly unrelated. And the 
theory would greatly strengthen the case for 
a ‘grand unification of the strong, weak and 
electromagnetic forces, leaving only gravity 
unexplained. 

In the standard model, the strong force’s 
interaction strength — expressed in terms of a 
constant analogous to electric charge — is very 
different from the strengths of the weak and 
electromagnetic forces. But if supersymmetry 
is assumed to be true, quantum corrections 
show all three strengths to be exactly equal 
— just as would be expected if the forces are 
actually one. 

Supersymmetry would also solve some 
problems of other grand unified theories, such 
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as their predictions that the proton should be 
unstable. The presence of the superpartners in 
calculations tends to suppress proton decay, 
leading to a decay rate far below the limits 
currently set by experiment. 

Finally, and perhaps most importantly from 
an observational standpoint, supersymmetry 
might very well provide an explanation for dark 
matter. This invisible cosmic haze behaves like 
a swarm of massive particles that interact very 
weakly with ordinary atoms, and has so far 
been detected only by its gravitational influ- 
ence on visible stars and galaxies. No particle 
in the standard model has the right properties 
— but several of their predicted superpartners 
do. If one of them is indeed the dark-matter 
particle, it may soon be observed not only at the 
LHC, but also in one or more of the dark-mat- 
ter detectors now operating around the world 
(see Nature doi:10.1038/news.2011.125; 2011). 

But just because supersymmetry promises 
many wonderful solutions to current prob- 
lems, that’s no guarantee it is true. “If super- 
symmetry is seen, that’s absolutely fabulous,’ 
says Smolin. “But if not — well, that will be 
fabulous, too. It’s always better to know.” 


EXTRA DIMENSIONS 
Conversations with LHC physicists can 
become surreal — especially when they start 
talking with a straight face about finding that 
staple of science fiction, extra dimensions. 
One big reason that they take this pros- 
pect seriously is that extra dimensions are 
predicted by string theory, by far the most 
popular attempt at unification beyond the 
standard model. String theory posits that the 
fundamental particles are actually vibrating 
threads of energy. Since it was developed in 
the late 1960s, string theory has remained a 
mental exercise, with no physical evidence 
to back it up. But it has proved remarkably 
compelling even so. It predicts the existence 
of forces that look a lot like the strong, weak 
and electromagnetic forces of the standard 
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model. It incorporates supersymmetry ina 
natural way. And it automatically includes 
gravity: string-theory equations show that 
closed loops of string would behave like gravi- 
tons, the particles postulated to carry the force 
of gravity. “It combines all the principles of 
physics we know,” says Nathan Seiberg, a 
string theorist at the Institute for Advanced 
Study in Princeton, New Jersey. “That’s huge. 
There's no other suggestion that even comes 
close.’ The extra dimensions arise because 
string theory has its most natural for- 
mulation in 11 dimensions, only 4 

of which would be observable to 
us: the 3 dimensions of space and 

1 of time. The missing dimensions 
are easy to explain, says Seiberg: the 
theory allows them to be so tightly 
rolled up that they’re invisible under 
ordinary circumstances. 

The LHC could detect those extra dimen- 
sions if the particles generated by collisions 
have enough energy — and therefore short- 
enough quantum wavelengths — to start 
spiralling around those tightly curled dimen- 
sions. The energy of that spiralling would show 
up as mass, according to Einstein’s famous rela- 
tivity theorem. So LHC physicists could detect 
whole families of higher-mass duplicates of the 
standard-model particles. 

An alternative scenario, also an outgrowth 
of string theory, suggests that what we perceive 
as three-dimensional space is actually a kind 
of membrane floating in a higher-dimensional 
space. We never notice the extra directions 
because all the particles of the standard model 
are confined to the membrane. But LHC col- 
lisions might be energetic enough to let ina 
burst of gravitational energy from outside our 
membrane. The result would be a jet of colli- 
sion products spraying off to one side of the 
collision point, but apparently with nothing to 
balance it on the other side — as if the jet had 
been hit bya bolt out of nowhere. 

LHC physicists have calculated the experi- 
mental signatures of all these extra-dimen- 
sional phenomena and more, says Albert de 
Roeck, deputy spokesman of the Compact 
Muon Solenoid experiment, one of the LHC’s 
two big collision detectors. “But the moving 
target is to know the scale” of the extra dimen- 
sions, he says. If they are rolled up too tightly, 
ona scale smaller than 10~”’ metres, then the 
energy required to probe them will be beyond 
the LHC’s reach. 

That is a distinct possibility, which is why 
physicists consider it a long shot to observe 
extra dimensions at the LHC. “I’m not hold- 
ing my breath,’ says Michael Duff, a physicist 
at Imperial College London. “My bet is that 
if there are extra dimensions, they’re at the 
Planck scale” of 10-* metres, where quantum 
mechanics and gravity are thought to unite in 
some still-unknown way. 

Nonetheless, the pursuit of extra dimen- 
sions is considered well worth the effort. 
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Their existence would not prove string theory 
correct; it is perfectly possible to have extra 
dimensions without strings. But confirming 
one of its major predictions would consider- 
ably bolster the case for string theory. 
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As nice as that would be, says Seiberg, string- 
theory practitioners are left with a gnawing 
sense that something is missing. “We know 
how to calculate a lot of things in string 
theory,’ he says. “But we don’t have a concep- 
tual basis for it — a set of fundamental princi- 
ples from which everything follows.” 

This quest for deeper principles is shared 
by physicists of all kinds, not just string theo- 
rists. One idea that has drawn a lot of attention 
follows from a startling theoretical discovery 
made by Stephen Hawking at the University 
of Cambridge, UK, and others in the 1970s: 
quantum effects in the space around a black 
hole cause it to emit radiation as if it were 
hot, even though black holes are supposed 
to swallow mass and energy, not spit it out. 
“That’s an amazing result,’ says Carlo Rovelli, 
a physicist at the University of the Mediter- 
ranean in Marseilles, France. Somehow, the 
three apparently separate phenomena of grav- 
ity, quantum mechanics and thermodynamics 
— the science of heat — are intertwined, he 
says. “And we have still not understood why 
ina deep way.’ 

Efforts to understand this result have 
led theoretical physicists in some strange 
directions. According to standard thermo- 
dynamics, for example, any object’s tempera- 
ture is related to its entropy: a quantity that 
measures the amount of information available 
to outside observers about the arrangement 
and motions of the object’s constituents. But 
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there is no way for outside observers to get any 
information from a black hole, because any- 
thing closer to the black hole than a surface 
known as the event horizon is cut off from 
the rest of the Universe. So if a black hole is 
governed by thermodynamics, as Hawking 
and others demonstrated, all the information 
about its three-dimensional interior must 
somehow be encoded on its two-dimensional 
event horizon. 
Furthermore, after decades of analysis 
and generalization of this argument, 
many physicists now believe that it 
applies to any three-dimensional 
volume, from black holes to empty 
space: the volume’s entire informa- 
tion content can be encoded in its 
two-dimensional surface. Or to put it 
another way, the ultimate unified theory 
of everything should describe our appar- 
ently solid three-dimensional world in 
terms of a lower-dimensional reality. Our 
Universe would emerge from the theory like a 
three-dimensional optical image from a two- 
dimensional hologram. 

Although this ‘holographic principle’ might 
be an element of some ultimate unified theory, 
it does not by itself say what that theory should 
be. And not every physicist buys it. “It’s inter- 
esting and provocative, but extremely vague,” 
says Wilczek. Mathematically, at least, a ver- 
sion of the holographic principle does apply 
in a string-theory model known as AdS/CFT 
duality, in which it has been studied exten- 
sively. And perhaps more importantly, it might 
be possible to test the idea. 

Craig Hogan, director of the Fermilab 
Center for Particle Astrophysics in Batavia, 
Illinois, has suggested that if the holographic 
principle is true, quantum effects could pro- 
duce a kind of ‘holographic noise’ in light 
beams. The effect would be minute, says 
Hogan, but might be detectable by the kind of 
ultraprecise laser interferometers already used 
in gravitational wave experiments. 

He and his colleagues are already building 
hardware to test whether this effect will work as 
expected, says Hogan, and if it does, they hope 
to proceed next year with a full-scale experi- 
ment, projected to cost about US$2 million 
over three years. “That's cheap, as these things 
go,” says Hogan — and that is probably just as 
well. “These are tests of physics we don’t know, 
so by definition, it’s exploratory”. 

Among all the theories that could help to 
unify physics — from strings to holography 
and even more esoteric concepts — there is the 
possibility that many may turn out to be the 
same idea, viewed from different perspectives. 
But the only way to find out is to do the tests. 

“The LHC gives us hope for a huge leap,” 
says Seiberg. “In a few years we should be a lot 
smarter.” m SEE EDITORIAL P.265 


M. Mitchell Waldrop is an editor for Nature 
in Washington DC. 
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As a young scientist, Maxwell wrote down the equations that laid the foundations of modern physics. 


The laird of physics 


James Clerk Maxwell’s 1861 work on electromagnetism, which unified scientific fields, 
was driven as much by technology as by abstract theorizing, argues Simon Schaffer. 


James Clerk Maxwell published the first part of an extra- 
ordinary document: On Physical Lines of Force, a paper on the 
mathematical physics of electromagnetism. It is tempting to find in it 
much familiar furniture of the modern world: telecommunications, 
information technology and microelectronics. But the path from then to 
nowis notas straightforward as it may seem. Maxwell's admirers some- 
times treat his work as evidence that disinterested science eventually 
delivers huge economic and practical pay-offs. In the United Kingdom, 
for instance, ‘Clerk Maxwell has been proposed as the brand name for 
publicly funded regional centres for technology and innovation, with 
the ambitious goal of closing the gap between university and industry. 
This linear model — the idea that cloistered theorizing can lead 
directly to new technology and profits — is often used by those 
arguing for greater investment in science. But a 2010 report from 
Britain’s Royal Society titled The Scientific Century notes that “the 


():: hundred and fifty years ago this month, the 30-year-old 


linear model of basic research through to innovation bears little 
relation to reality”. It adds that the model’s long-lasting appeal is 
partly explained by historical assumptions and familiar myths that 
are rarely challenged. Maxwells magnificent work of the 1860s is an 
excellent example. Rather than a stately progression from abstract 
theory to solid application, it was the product of a web of markets, 
technologies, labs and calculators in the workshop of the world. 


MYTHS AND MATHEMATICS 

Why was Maxwell even working on electromagnetism? In the 1850s 
it was not common fodder for mathematicians educated at the 
University of Cambridge. The university's curriculum focused on the 
established sciences of celestial mechanics, wave optics and hydro- 
dynamics. British universities did not even have teaching laboratories 
for physics. It is telling that the best-known British pioneer of electro- 
magnetic studies was the Royal Institution professor Michael 
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> Faraday, a prodigious experimental chemist without formal 
education who knew little of higher mathematics. 

Maxwell, unlike his hero Faraday, sometimes seemed a pastoral 
recluse. He often retreated to his 1,800-acre Scottish estate, where 
rural affairs absorbed much of his time — he was even described as a 
“north-country laird” This cultivated self-image seemed to support 
the folklore of the brilliant scientist divorced from mundane trade. 

Yet as a bright teenager in Galloway, in southwest Scotland, Maxwell 
had been unusually keen on turning classroom principles into practi- 
cal devices, including homebuilt electric telegraphs. With his father’s 
earnest backing, Maxwell studied engines on show in the manufac- 
turing towns and at the Great Exhibition of the Works of Industry 
of all Nations at the Crystal Palace in London in 1851. His ingenuity 
attracted the attention of William Thomson (later Lord Kelvin) — the 
two met in 1850. The young professor at the University of Glasgow 
encouraged Maxwell to manufacture magnetically sensitive crystals 
at home in Galloway. 

After Maxwell completed his Cambridge mathematics training in 
early 1854, he understandably saw himself as “an electrical freshman”. 
But Faraday’s fascinating studies of electrical currents and magnetic 
poles drew his attention. So he asked Thomson, who had already been 
working on these puzzles, for guidance so that he and other graduates 
could at last “attack electricity”. The timing was perfect. 


COMMUNICATION PROBLEMS 
A project launched in the 1850s, aiming to tie the British Empire 
together with a global electric telegraph system, posed many of the prob- 
lems that Maxwell and his scientific allies had to solve: the propagation 
of signals in electromagnetic networks, the reliability of measuring 
instruments, the analysis of force, resistance and current. It is, per- 
haps, significant that electromagnetic field theory was invented in 
the nation most concerned with submarine telegraphs. Elsewhere in 
Europe, overhead lines were commonplace, so problems caused by sea 
water in distorting and delaying signal transmission were not evident. 
In 1853, Faraday witnessed the catastrophic problems of signal delay in 
cable lines laid between London and Manchester by a telegraph company. 
He saw these troubles as a chance to publicize his theory of electro- 
magnetic induction. In a Royal Institution lecture a few months later, 
Faraday used his theory to show how sea water would act on submarine 
cables like the outer casing ofa condenser, increasing the cable's capaci- 
tance, slowing down induction and so delaying the signal even more. 
Maxwell and Thomson closely studied Faraday’s lecture — and the 
warnings it held for submarine telegraphy. Within months Thomson 


Sections of the Atlantic cables from 1858, 1865 and 1866. 
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had a formula for the relationship between cable length and signal 
delay, of much interest to investors backing an ambitious scheme for a 
5,000-kilometre undersea cable to North America. By 1856, Thomson 
had become a director of a major transatlantic cable company and, 
from his new Glasgow physics lab, a recognized authority on electro- 
magnetic systems. In subsequent years, he earned many thousands of 
pounds from telegraph patents and consultancies, more than enough 
to buy a yacht, build a baronial mansion and endow his university with 
fellowships and equipment. Maxwell greatly admired Thomson for 
“bringing his obtrusive science to bear upon the engineers”. 

Maxwell meanwhile, now a professor of natural philosophy in Aber- 
deen, boldly reworked Faraday’s model of electromagnetic induction. 
He reckoned that Faraday had destroyed fashionable continental models 
of electromagnetism, which posited instant actions across empty spaces 
between isolated particles. Maxwell began to see electromagnetism as 
dependent on some kind of fluid medium, a space-filling ether or field 
whose tension and stress stored energy and transmitted action at finite 

speeds. It took Maxwell four challenging 


“British natural years from spring 1857 to make this model 
philosophers of electromagnetism match the best available 
were trained to data, first in Scotland, then at his new job as 
think in terms chair of natural philosophy at King’s Col- 
of the physics of lege London. British natural philosophers, 
pulleys, pumps, unlike their contemporaries in France and 


Germany, were trained to think in terms of 
the physics of pulleys, pumps, jelly or rub- 
ber, then extended to the Universe. This was 
the approach Maxwell had learned in his studies of fluid mechan- 
ics at Cambridge. And so his paper of spring 1861 published in The 
London, Edinburgh and Dublin Philosophical Magazine and Journal 
of Science pictured the space of Faraday’s magnetic lines of force as a 
vast array of spinning gears separated by long strings of ball-bearings. 


jelly or rubber.” 


MECHANICAL EQUATIONS 

Within this 1861 paper can be found, distributed through different 
sections of his argument, Maxwell’s first versions of the equations that 
characterize the electromagnetic field. Yet it was only much later that 
the equations were identified as fundamental building blocks of a new 
electromagnetic system. They summarized principles established by 
European experimenters in the previous decades. Electric flux through 
a closed surface is proportional to the electric charge it encloses; mag- 
netic poles cannot exist in isolation; the electric current along a closed 
loop is related to the magnetic field round the loop; electromagnetic 
induction varies with time. To these principles Maxwell added the 
notion ofa displacement current, generated even in apparently empty 
space by changing electrical forces. 

In his 1861 model, Maxwell showed that, when suitably adjusted, the 
workings of his complex machinery of gears and wheels matched those 
of electromagnetism. Magnetic energy was stored in the kinetic energy 
of the spinning gears, and the gears would spin and bulge, capturing the 
way changes in magnetic fields generated currents. With these achieve- 
ments in print, Maxwell seemed entirely content when he went off to his 
country estate in summer 1861. In the next few months, however, his 
understanding of the significance of his own work changed significantly. 

Over that summer, telegraph problems preoccupied British physi- 
cists. In the wake of the disastrous first attempt to lay a transatlantic 
cable, the British Association for the Advancement of Science set up 
a committee to determine standards of electrical resistance to make 
the cable system work. Within a year of the committee’s formation, 
Maxwell had joined enthusiastically, and electromagnetic measure- 
ments started to dominate Britain’s new physics teaching laboratories, 
including the one run by Thomson at Glasgow and, eventually, the 
Cavendish Laboratory led by Maxwell at Cambridge. 

In Scotland in the summer of 1861, Maxwell thought harder about 
his model of fluid gears and wheels. Accurate technical measurements 
dictated some of the parameters of its structure. Maxwell realized 
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that his fluid medium must transmit actions through transverse 
waves, just like rubber or jelly. He could calculate the waves’ velocity 
from the density and rigidity of the medium — determined by prac- 
tical laboratory measures of the electrostatic and electromagnetic 
forces. Back in London, he checked electromagnetic observations 
made in the late 1850s in Germany and plugged these values into his 
equations. To his apparent surprise, the ratio of the electrostatic and 
electromagnetic units differed by no more than about 1% from the 
value of light speed measured in Paris a decade earlier. “The coinci- 
dence is not merely numerical,” he told Faraday in autumn 1861. It 
seemed that light was thus a vibration in the medium responsible for 
electromagnetism. With this insight, Maxwell launched the unification 
of the apparently disparate fields of light and electromagnetism and 
helped to change physics forever. 

The reception of Maxwell’s discoveries was also influenced by 
practical concerns with telegraphic signalling. In the amazingly 
fertile period before his early death in 1879, Maxwell strove to turn 
his mechanical model of the electromagnetic field into a general- 
ized dynamic theory of electromagnetic action. Despite its central 
importance to physics and the modern understanding of all types of 
radiation, Maxwell's theory was slow to catch on. 

One of its sternest critics was none other than Thomson. He never 
really forgave Maxwell for replacing the language of complex machinery 
with an abstract algebraic notation. He saw Maxwellian electromagne- 
tism as “rather a backward step’, ifnot a kind of “nihilism” One reason 
the two great scientists differed was because, from the first, they had 
different understandings of telegraph signalling. Maxwell held that 
Faraday’s initial investigation of signal distortion needed a unified 


treatment of induction, conduction and the surrounding medium. 
Thomson's models of telegraphy relied on separate analyses of conduc- 
tion along the wires and induction through the insulator round them. 

In 1884, five years after Maxwell's death, Thomson even publicly 
claimed that he'd known all about the electromagnetic theory of 
light long before, because of his analysis of signal propagation in 
submarine cables. It seemed Thomson was confusing light speed in 
the electromagnetic field, Maxwell's great topic, with signal speed 
in an underwater cable, Thomson's specialty. The Irish physicist 
George Francis Fitzgerald, one of Maxwell's young disciples, had to 
write in protest to Nature “to prevent what I find is a very common 
mistake”. The link between telegraph engineering and the fate of 
electromagnetic theory lasted beyond Maxwell's lifetime. 

In the preface to his 1873 masterpiece, A Treatise on Electricity and 
Magnetism, Maxwell explained his debt to telegraphy, arguing that it 
gave “a commercial value to accurate electrical measurements” and also 
allowed tests “on a scale which greatly transcends that of any ordinary 
laboratory’, private or public. Indeed, telegraphy provided Maxwell with 
crucial support for his theory through measures of the electrostatic and 
electromagnetic units made in 1868-69. 

Maxwell’s decision to take over Cambridge’s new experimental 
physics lab was in part driven by the need for such engineering 
resources. Happily, by the 1870s, Cambridge mathematics teachers 
were introducing students to submarine telegraphy in their new course 
on Maxwellian electromagnetism. 


ORDINARY GROWTH 
In sum, On Physical Lines of Force is an odd text to use as example of 
the unyielding purity of physical science. Maxwell's formulae did not 
appear in their most familiar form until almost 25 years after its publi- 
cation. The four famous equations linking electromagnetic forces and 
fluxes owe their elegant and economical vector form to a brilliant Lon- 
don telegraphist, Oliver Heaviside. He published them in 1885 in The 
Electrician, a trade journal for electrical engineers and businessmen. 
A veteran of the 1860s submarine cable schemes, Heaviside needed 
mathematical tools for managing energy transmission without distor- 
tion or loss. Unknown to the solitary telegraphist, a young German 
physicist, Heinrich Hertz, also established these simplified expressions 
for the field equations at the same time. Practical problems helped 
make these beautiful expressions, even in their most familiar, and 
apparently most abstract, mathematical form. For some time after 
1885, they were not the Maxwell but the Hertz—Heaviside equations. 
The French scientist Pierre Duhem saw this new physics as a sign of 
the rosbifs’ industrial utilitarianism. “We thought we were entering the 
tranquil and neatly ordered abode of reason,’ Duhem complained of 
a Maxwellian textbook, “but we find ourselves in a factory.’ This was 
satirical, but in many ways it was spot on. There was an intimate and 
complex relation between the interests of scientific inquiry and com- 
mercial, industrial and technical enterprises. Victorians knew that well. 
An 1883 cartoon (pictured), in a popular financial magazine, 
showed British physicists marching side by side with bankers, engi- 
neers, publishers and stockbrokers. Over the caption “telegraph and 
telephone mag(net)ates’, the cartoon targeted the threat of Thomas 
Edison's new telephone to the cable system. In the last public lecture 
he gave, Maxwell showed a University of Cambridge audience this 
telephone. He had a performance of the song Men of Harlech transmit- 
ted from the Sedgwick Museum of Earth Sciences across town to the 
Senate House. And he taught the key lesson that the linkage of “these 
currents of the telephone which produce an audible effect” with preci- 
sion electromagnetism was part of “the ordinary growth of scientific 
principles”. Maxwell's triumphs of 150 years ago still have much to 
teach us about how this ‘ordinary growth’ works. m 


Simon Schaffer is in the Department of History and Philosophy of 
Science, University of Cambridge, Cambridge CB2 3RH, UK. 
e-mail: sjs16@hermes.cam.ac.uk 
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Anew fish-eye lens 
based on an idea of 
James Clark Maxwell. 
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To invisibility and beyond 
Combining Maxwell’s equations with Einstein’s general relativity promises perfect 
images and cloaking devices, explains Ulf Leonhardt. 


any everyday products of modern technology — such as 
Me phones, television, computers and electric light 

— would seem almost magical to our ancestors. These all 
derive from James Clerk Maxwell’s unification of the laws of electricity 
and magnetism 150 years ago. Scientists are still creating new wonders 
in the laboratory that exploit Maxwell’s laws of electromagnetism. 
Some of these devices are made from extraordinary ‘metamaterials’ 
that can perform unusual tricks with light’ — from optical cloaking 
to perfect imaging. Just last week, my colleagues and I announced 
evidence for ‘perfect imaging” using a device based on an idea’ of 
Maxwell’ from 1854: a fitting tribute to a theorist who always thought 
in practical terms. 

The field of metamaterials is barely ten years old. Early 
metamaterials relied on advances in nanotechnology to build tiny 
structures, such as metallic rings or wires, that are smaller than the 
wavelength of light. These nanostructures modify the electromagnetic 
properties of the metamaterial, sometimes creating optical effects that 
are not seen in nature. In 2006, for example, US scientists made the 
first prototype of an electromagnetic ‘cloaking device. This makes a 
coin-sized object invisible to microwaves ofa certain polarization and 
frequency. Modern metamaterials are also being used to make perfect 
lenses, that can image details finer than the wavelength of light. 

What I find fascinating about metamaterials is how they connect 
my research area, optics, with Albert Einstein’s theory of general 
relativity. The link is Maxwell's equations. It reminds me how much 
Einstein owed to Maxwell (a debt he always acknowledged), and also 
offers a way for the mathematical tools of general relativity to become 
practically useful in engineering. 

In 1861, at the age of 30, Maxwell collected together all the laws of 
electricity and magnetism, and added one of his own. In doing so, he 
was the first to unify the concept of light with electricity and magnetism. 
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As he wrote in 1864: “We have strong reason to conclude that light itself 
— including radiant heat and other radiation, if any — is an electromag- 
netic disturbance in the form of waves.’ Without this insight, we would 
have no understanding of the electromagnetic spectrum, from radio 
waves and microwaves through the visible to X-rays and gamma rays. 

His discovery led to many subsequent advances in our understanding 
oflight and matter. Einstein's theory of special relativity follows directly 
from Maxwell’s equations in empty space — that much is obvious if you 
read Einstein’s original papers. But it surprised me to learn how much 
Maxwell there is in Einstein’s theory of general relativity (his theory of 
gravity) where, according to American physicist John Wheeler, “mass 
tells space how to curve and space tells mass how to move”. 


VIRTUAL SPACE 

In fact the connections between Maxwell and Einstein are all around 
us — optical materials such as glass or water can also be said to curve 
space’. Looking through the front or top of an aquarium, for example, 
fish inside can appear at different positions and in different sizes, 
depending on your viewpoint. The glass and the water change your 
optical perception of space, but the fish still swim happily at their 
actual locations in physical space. 

The aquarium creates a ‘virtual’ space for what our eyes see, 
different from ordinary physical space. This virtual space is the space 
experienced by light — not by the fish — and it 
has a curved geometry that corresponds exactly to 
that calculated using Einstein’s theory of general 
relativity. So curved space doesn't just belong to 
cosmology — it is commonplace. 

Rethinking optical materials as virtual spaces 
is an interesting idea, but is it useful in prac- 
tice? It turns out to be crucial to the design of 
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metamaterials and optical devices. Transformation optics’, as the 
combination of general relativity and optics is now known, has 
inspired engineers, physicists and mathematicians to dream up many 
wonderful devices. Only a tiny fraction of these ideas will make it out 
of the laboratory, but some will do the seemingly impossible. 

For example, cloaking with metamaterials is easy in theory® (see 
‘Cloaking by transforming space’). In practice, it works only for 
specific wavelengths*. So an object may seem invisible to microwaves, 
but not to visible light. Scientists working in the visible spectrum have 
recently succeeded in creating devices that achieve partial cloaking, 
also known as ‘carpet cloaking; whereby a three-dimensional object 
is made to look flat’. This feat of camouflage can be done with almost 
natural materials (silicon structures that look like tiny woodpiles) 
rather than complicated ring-and-coil metamaterials. 

Carpet cloaking with silicon’ is related to my work, because I prefer to 
focus on materials with optical properties that are closer to those found 
in nature. These are not metamaterials, although they are engineered 
in ways that obey the rules of transformation optics. For such materials, 
a mathematical theorem — the Riemann mapping theorem — forbids 
cloaking transformations. It took me three years to find a way around 
the theorem’, but doing so allowed me to extend the framework of trans- 
formation optics to a broader range of wavelengths. However, we have 
not yet demonstrated real cloaking devices constructed from natural 
materials, and true invisibility for visible light remains impractical with 
existing materials and fabrication technology. 


THE PERFECT IMAGE 

In my opinion, the most promising potential of transformation optics 
lies in imaging. The idea of perfect imaging is what launched the field 
of metamaterials — and it takes us neatly back to Maxwell. Ordinary 
imaging devices such as microscopes suffer from a fundamental 
problem: they cannot image structures much smaller than half the 
wavelength of light, the diffraction limit. One cannot take a snap- 
shot of atoms and molecules, because they are too small. In 2000, 
John Pendry introduced the concept of metamaterials’, showing that 
materials with negative refraction can, in theory, make a perfect lens 
that beats the diffraction limit. Materials with negative refraction can 
bend light in a direction that would not occur normally (all natural 
materials have positive refraction). 

By 2006, Pendry’s perfect lens could be understood by using the 
tools of transformation optics'’. The lens appears to have folded space: 
a plane of physical space appears like a folded sheet of paper in virtual 
space. The electromagnetic waves in the folded regions are absolutely 


CLOAKING BY 
TRANSFORMING SPACE 


Objects can be rendered invisible 
to certain wavelengths of light. 


A cloaking device 
deforms the grid of 
space around its interior. 


Light rays are bent as they 
travel through the device and 
exit it as if they have travelled 
through empty space. 


Anything inside the device is hidden from an external viewer, and also 
doesn’t affect the light rays carrying the image of the surrounding 


scenery, which creates the ultimate optical illusion: invisibility. 


identical, which explains why the image is a perfect copy of the original 
and no information is lost. But if light waves in two regions are identi- 
cal, then light must instantly hop from one region of space to another, 
which, according to Einstein, cannot happen. Therefore, in reality, 
perfect imaging with negative refraction must be impossible for any 
useful device over practical distances. To get a negatively refracting 
perfect lens to work, imaging is limited to distances far smaller than 
the wavelength of light used. 

An alternative approach can produce perfect imaging without using 
negatively refracting materials’; it is inspired by another idea of (who 
else?) Maxwell’. As a mathematics student at Trinity College at the 
University of Cambridge, UK, Maxwell dreamed up an optical device 
that reminded him of the eye of a fish. In Maxwell’s ‘fish-eye’ lens, light 
travels in physical space as if it were confined to the surface ofa virtual 
sphere. On this virtual sphere, light rays would go round in circles so that 
all light waves emitted from one point would meet again, perfectly, on 
the opposite side, just because of the symmetry of the sphere. Maxwell 
showed in 1854 that this fish-eye lens would give perfect resolution — 
that is, a point source appears as a point image. When Maxwell proposed 
his fish-eye lens he knew nothing about the wave nature of light — his 
electromagnetic discoveries were still five years away. And so for the 
past 150 years it was assumed that the wave nature of light would, in 
practice, restrict the resolution of a fish-eye lens to the diffraction limit. 

In 2009 I argued, using transformation optics, that a fish-eye lens 
should in fact image waves with perfect resolution. As with Pendry’s 
prediction’ of perfect imaging, this proposal created much 
controversy, in part because it sounds too good to be true and in part 
because it contradicts accepted wisdom. However, we have recently 
demonstrated perfect imaging for microwaves’ using a two-dimen- 
sional version of the fish-eye lens (see image). We built our perfect 
lens using a metamaterial constructed from concentric bands of 
copper circuit board surrounded by a metallic mirror. Without a 
detector, the microwaves are reflected back and forth between source 
and image. But with a detector array in place (similar in principle 
to a digital camera) the fish eye can resolve two point sources that 
in ordinary imaging would appear blurred together. In principle, 
this route to perfect imaging should be achievable without using 
structured metamaterials. The next step is to demonstrate the same 
device for light, rather than microwaves. 

What is truly remarkable about transformation optics is that by 
connecting Maxwell to Einstein, a theory as abstract as general 
relativity has actually become useful in engineering. Both men are 
known for their beautiful theories, but they were practical theoretical 
physicists: Maxwell performed experiments of his own, and Einstein 
always enjoyed making inventions and filing patents. Of course, in 
an ideal world run by wise politicians, we would not need to worry 
about justifying science as practical or fundamental. My mentor Stig 
Stenholm said that “the discovery of Maxwell’s equations has already 
paid for all fundamental research for the following 500 years’, because 
it laid the foundations of most of modern technology. We ought to 
have 350 years to go, no questions asked, thanks to Maxwell. m 


Ulf Leonhardt is a theoretical physicist at the University of St 
Andrews, Fife KY 16 9SS, Scotland, UK. 
e-mail: ulf@st-andrews.ac.uk 
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Size Matters: Figure 2 (2007) by lan Harvey and Koo Kyung Sook. 


EXHIBITION 
Size Matters 


San Jose Institute of Contemporary Art, 
California. 

Until 18 June 2011. 

www.sjica.org 


This Spring Books special issue 
displays a selection of works from Size 
Matters, an exhibition featuring ten 
North American artists who address 
ideas of size and scale. The works view 
the world from unusual perspectives, 
from lan Harvey and Koo Kyung 
Sook’s wall-sized enamel and shellac 
mosaics of human figures to the 
miniscule sculptures of Dalton Ghetti, 
carved from the graphite points of 
pencils. Expressed in a range of media, 
including photographs, paintings 

and video, the works comment on 
biological building blocks, knowledge, 
emotions and the environment. 


A revolution in evolution 


Manfred Milinski enjoys Martin Nowak’s paean to the power of cooperation to shape 


animal and human societies. 


Nowak sees cooperation as the master 

architect of evolution. He believes that 
next to mutation and selection, cooperation 
is the driving force at every level, from the 
primordial soup to cells, organisms, societies 
and even galaxies. Without cooperation, he 
says, our predecessors would still be RNA 
molecules. He sets out his groundbreaking 
ideas in SuperCooperators. 

Co-authored with science journalist and 
editor of New Scientist Roger Highfield, 
SuperCooperators is part autobiography, 
part textbook, and reads like a best-selling 
novel. Nowak celebrates his oeuvre on the 
evolution of cooperation and challenges the 
mathematical basis for theories of kin selec- 
tion and punishment. He is correct that this 


| eading evolutionary theorist Martin 
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part of evolutionary theory needs revisiting, 
but it is too soon to tell whether his bold 

ideas will hold up to empirical testing. 
Game theory is central to Nowak’s work 
and the book highlights five ways to work 
together for mutual benefit: direct reciproc- 
ity, indirect reciprocity, spatial games, group 
or multilevel selection and kin selection. 
Direct reciprocity is the tit-for-tat exchange 
of resources, which may be generous but is 
open to exploitation. Nowak believes that 
indirect reciprocity, where I help you and 
someone else helps 
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SuperCooperators: 
Altruism, Evolution, 
and Why We Need 
Each Other to 
Succeed 
MARTIN A. NOWAK WITH 
ROGER HIGHFIELD 
a | Free Press: 2011. 
Sak |F 352pp. $27 
by helping or refusing help, which is spread 
through gossip, thus selecting in evolutionary 
terms for sophisticated language. “Indirect 
reciprocity is the midwife of language and of 
our big, powerful brain,” he says. 
Cooperators can prevail through exchanges 
that are played out across and between net- 
works and clusters of individuals, he explains. 
Multilevel or group selection follows among 


communities that are small, numerous and 
isolated; mediated for example by tribal wars 
for resources. However, the migration of indi- 
viduals between groups can undermine coop- 
eration — egoists might take over pure altruist 
groups. SuperCooperators notes that there is 
plenty of evidence for group selection at the 
cellular level, such as strains of the bacterium 
Pseudomonas fluorescens that collectively pro- 
duce a mat of polymer that allows the group 
to float on liquid surfaces. 

More contentious is Nowak’s approach to 
kin selection, or nepotism, in which indi- 
viduals cooperate to ensure the success of 
genetic relatives in preference to strangers. 
Nowak set out his objections to this theory 
last year in a controversial Nature paper, co- 
authored with Corina Tarnita and Edward O. 
Wilson (Nature 466, 1057-1062; 2010). They 
question the theoretical basis of kin selection, 
or inclusive fitness theory: one of the corner- 
stones of the evolution of social behaviour. 

Nowak and Highfield defend this view in 
SuperCooperators. After reviewing the his- 
tory of evolutionary ideas about kin selection, 
including the lives of pioneering evolutionary 
theorists Bill Hamilton, George Price, John 
Maynard Smith and J. B.S. Haldane, Nowak 
criticizes key equations and calls them a rec- 
ipe for disaster. He argues that the predictions 
of Hamilton’s rule, which quantifies whether 
or not a gene for altruistic behaviour towards 
relatives will spread in a population, almost 
never hold. And he decries Price’s funda- 
mental equation, on which current inclusive 
fitness theory is based, as the mathematical 
equivalent of tautology. 

In place of inclusive fitness theory, Nowak 
sketches a new model for the evolution of 
sociality, in which relatedness, he says, is a 
consequence rather than the cause of social 
behaviour. By assuming only one mutation 
— one that causes offspring to stay in the 
nest rather than leave — he claims to explain 
why progeny happen to be around to help 
their related mother. This model implies that 
offspring would help any unrelated elder in 
whose nest they were born, irrespective of 
a genetic link, and it does not explain why 
parents insist on caring for their own off- 
spring rather than others. Here, in my view, 
relatedness is essential. Many experimental 
results support this, such as the sex ratios in 
colonies of different ant species. 

In ant species in which the queen mates 
only once, for example, a preponderance of 
female reproductive offspring benefits the 
workers more than it does the queen: the 
non-reproductive workers support their 
mother to produce sisters, to which they 
are more closely related (75%) than is the 
queen (50%), thus more effectively perpet- 
uating their genes than if they raised their 
own offspring. By contrast, in slave-maker 
ants, in which workers are stolen from 
other species and are therefore unrelated, 


the queen manipulates them to produce an 
equal sex ratio in her offspring for her own 
benefit. I anticipate that a better mathemat- 
ical formulation of social evolution theory 
will be found that includes relatedness, is 
compatible with existing evidence and 
includes Hamilton's rule asa rule of thumb. 
Nowak himself states that “kin selection is 
a valid mechanism if properly formulated”. 

In another assault on established views, 
Nowak strongly disputes the effectiveness 


NOWAK BELIEVES THAT 
COOPERATION 
HOLDS FOR 


‘ANY AND EVERY 
GAME 
IN THE 
COSMOS’. 


of punishment as a method for promoting 
cooperation. Here he splits from his erstwhile 
colleague, game theorist Karl Sigmund, who 
accepts that the stick can be as useful as the 
carrot. Nowak, the theorist, describes how 
he performed experiments. In a version of 
the prisoner’s dilemma game — in which 
two isolated players may choose to cooperate 
and both benefit, or one defects and receives 
a greater reward, being eventually punished 
by the other — he showed that those who 
do not punish gain most. No one has yet 
showed that punishers can gain from pun- 
ishing, so it is not clear why punishing exists. 
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Nowak performed another experiment that, 
alas, failed to prove that reward rather than 
punishment promotes public cooperation. 
Clearly, the jury is still out on this question. 

SuperCooperators is also Nowak’s auto- 
biography. After attending an all-boys 
school, he relates how he met his wife on 
his first female-dominated pharmacology 
course. And he recounts moments shared 
with his supporters: mountain climbing with 
chemist Peter Schuster; walking through the 
ancient forests of Austria’s Rauriser Urwald 
with Karl Sigmund; playing soccer with 
theoretical ecologist Bob May; or dining 
on a Caribbean beachfront with Jeffrey 
Epstein, the Wall Street tycoon who funded 
Harvard University’s Program for Evolution- 
ary Dynamics, of which Nowak is director. 

Nowak finishes with his concern for our 
planet, and of how Mahler’s symphony Das 
Lied von der Erde (The Song of the Earth) 
carries a deep resonance for him. He wor- 
ries about the climate game that every- 
one is now playing. “I believe that climate 
change will force us to enter a new chapter of 
cooperation,” he writes, but his research does 
not provide a recipe. 

A pleasure to read, SuperCooperators 
offers an explanation of the evolution of 
cooperation and shows where the experts 
disagree. Yet Nowak’s faith in cooperation is 
so great that he believes his approach holds 
for “any and every game in the cosmos” — 
for all evolutionary processes on Earth, in 
our Galaxy and others, in “agglomerations of 
ancient stars that lurk in the faintest, farthest 
reaches.’ We will see. m 


Manfred Milinski is a director of the Max 
Planck Institute for Evolutionary Biology, 
Department of Evolutionary Ecology, Plén, 
Germany. 

e-mail: milinski@evolbio.mpg.de 
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Fundamental Feynman 


An account of the physicist’s work reminds Leonard 
Mlodinow of the gulf between theory and experiment. 


physics department at the California 

Institute of Technology in Pasadena, I 
heard a strong voice resonating down the 
corridor: “Hey Schwarz, how many dimen- 
sions are you in today?” The answer then 
was 10; it was once 26; it is now 11. Richard 
Feynman, who was teasing John Schwarz — 
one of the founders of string theory — didn't 
think much of any theory in which it wasnt 
four, for that is all we observe. 

Quantum Man, by theoretical physicist 
Lawrence Krauss, focuses on the intimate 
connection that Feynman, like other physi- 
cists of his era, felt should exist between 
theories and experimental data. Writing to 
his third wife Gweneth from a gravitation and 
cosmology conference in Warsaw in 1962, he 
complained: “Because there are no experi- 
ments, this field is not an active one, so few of 
the best men are doing work in it. The result 
is that there are a host of dopes here (126) and 
it is not good for my blood pressure.” 

Today, gravitation and cosmology attract 
many of the best minds, who between them 
have produced so many unproven and com- 
peting theories of the multiverse that string 
theorist Brian Greene was able to write a 
long, popular account of them in The Hidden 
Reality (Allen Lane, 2011). Meanwhile, most 
scientists who study that cousin of cosmol- 
ogy, elementary particle theory, work in string 
theory despite its undetected dimensions and 
other apparent disconnects with reality, issues 
that current experiments cannot resolve. 

By contrast, as Krauss recounts, when 
Feynman first presented his then-incomplete 
ideas on quantum electrodynamics (QED) 
describing the interaction between light and 
matter to the physics community in the late 
1940s, he had “calculated almost every quan- 
tity one could calculate in QED” to ensure 
his results agreed with other methods and 
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experiment as far as was known. Much of 
the book concerns the intellectual journey 
that culminated in that work — a reformula- 
tion of quantum theory itself. It isa welcome 
addition to the shelf of Feynman biographies. 
The story begins at Princeton Univer- 
sity in New Jersey, with Feynman “in love” 
with the problem of the self-energy of the 
electron. Because like charges repel, each 
portion of a ball of negative charge exerts a 
repulsive force on every other portion. As a 
result, a ball of charge has a certain electric 
energy associated with it. The problem is, 
an electron is a point particle, but when you 
shrink the ball down to a single point, the 
repulsive energy becomes infinite. 
Feynman thought that infinity had its roots 
in the way electromagnetic theory was formu- 
lated. This line of reasoning led him to recast 
the theory of electromagnetism in terms ofan 
‘action principle, an exotic mathematical form 
that involves only the paths of charged parti- 
cles over time, with no need to consider elec- 
tricand magnetic fields. But the importance 
of what is now called Wheeler-Feynman elec- 
trodynamics (also named after US physicist 
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with psychologists. 
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John Wheeler) lies not 
in the theory itself, 
but in what it inspired 
Feynman to seek: a way 
to develop quantum 
mechanics around an 
action principle. 
Feynman pro- 
posed a revolutionary 


new understanding Quantum 

of quantum reality. Man: Richard _ 
I : : Feynman’s Life in 
magine a particle that Brcnce 


moves through some 
point A. According to 
classical physics, as it 
continues on its way, 
the particle will follow a definite path. Now 
consider another point, B. If B is positioned 
properly, the particle will eventually arrive 
there, but if B is located off the path, the 
particle won't. According to Feynman, the 
key difference in quantum theory is that the 
particle does not follow the classical path, 
or any single path. Rather, it samples every 
path connecting A and B, collecting a num- 
ber called a phase for each one. Each of these, 
in concert, determines the probability that 
the particle will be detected at B. This novel 
approach, called the path integral or sum 
over paths, yields predictions equivalent to 
those of traditional quantum mechanics. Yet, 
as Feynman wrote, even if different theories 
are equivalent, “they are not psychologically 
identical when trying to move from that base 
into the unknown’, meaning that they lead 
to different mental pictures, which can 
suggest different new ideas. 

The unknown arena that Feynman moved 
into was the issue of how to fit quantum 
mechanics and special relativity into a single 
theory (we still don’t know how to do this for 
general relativity, although string theory is a 
candidate). That synthesis, when applied to 
the electromagnetic force, is QED. In those 
days, QED, like string theory today, was a 
hard theory to make sense of. Quantum- 
physics pioneer Wolfgang Pauli wrote: “The 
risk is very great that the entire affair loses 
touch with physics and degenerates into pure 
mathematics.” But in this case, Krauss points 
out, there were plenty of experimental data to 
guide and inspire Feynman, and after years of 
work and thousands of pages of calculations, 
he built a consistent and infinity-free theory 


LAWRENCE M. KRAUSS 
W. W. Norton: 2011. 
368 pp. $24.95, £19.99 


Perfect Rigor: A Genius and the Mathematical Breakthrough of the Century 

Masha Gessen (Icon Books, 2011; £14.99) 

In 2002, reclusive mathematician Grigory Perelman solved the Poincaré conjecture, 
one of the world’s greatest intellectual puzzles. Shunning all publicity, he refused to 
accept the prestigious Fields Medal for his achievement and vanished from the public 
gaze. Journalist Masha Gessen attempts to discover more about him by travelling to 
Russia to interview Perelman’s colleagues and teachers and discussing his behaviour 
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of QED. The result was so powerful that, 
according to US-based physicist Freeman 
Dyson, Feynman could do a calculation 
that once took several months “in half an 
hour” on the blackboard. 

When he won his Nobel prize in 1965, 
Feynman felt his methods were merely 
useful, not profound. Today, his approach 
is considered a more fundamental way 
to look at quantum theory than the for- 
mulations of its founders, such as Niels 
Bohr, Werner Heisenberg and Erwin 
Schrodinger. It is the basis of how physi- 
cists think about particles interacting, 
exchanging carriers of force, fluctuating 
in and out of existence. It is also, ironi- 
cally, the basic tool of both string theory 
and quantum cosmology. 

Krauss does a good job of imparting 
Feynman’s fascination with all physical 
phenomena, and goes on to describe 
Feynmans later groundbreaking work in 
other fields — on the weak interactions, 
the theory of liquid helium and his par- 
ton model, which provided evidence for 
the existence of quarks. Intertwined with 
the physics are snippets of Feynman's per- 
sonal life, including his habit of working 
on physics in a strip club, and his undying 
love for his first wife Arline Greenbaum, 
who died from tuberculosis in 1945, just 
a few years after they were married. 

As Krauss acknowledges, the book 
contains little that is new. Jagdish Mehra’s 
The Beat of a Different Drum (Clarendon 
Press, 1994) is a far more detailed account 
of Feynman's science, equations and all; 
and James Gleick’s best-seller Genius 
(Little, Brown, 1992) covers Feynman’s 
personal life in greater depth. Still, I 
found the account of Feynman’s hard 
work, passion and discoveries inspira- 
tional, and, for a physicist at least, good 
bedtime reading. For those without a 
strong physics background, however, 
the prose can be tough going, especially 
the more technical passages. Personally, 
I love being talked to that way. m 


Leonard Mlodinow is author of The 
Grand Design (co-authored with Stephen 
Hawking), The Drunkard’s Walk and 
Feynman's Rainbow. 

e-mail: len@caltech.edu 
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Making people 


Today’s wariness of reproductive technologies stems 
from myths, legends and Hollywood, finds Chris Mason. 


extension are frequently in the news. 
When they are, the media often resort 

to sensationalist clichés — invoking Frank- 
enstein to conjure up a stereotypical mad 
scientist ‘playing God’ by creating out-of-con- 
trol monsters. Whereas the creation of non- 
human artificial life, such as Craig Venter’s 
engineered microbes, gets a mixed press, the 
making of humans is invariably controversial. 
Clearly, human life has a special moral status. 
In Unnatural, science writer Philip Ball 
explores the history of our fascination with — 
and fear of — creating artificial people, from 
ancient folklore to today. Tracing a clear path 


\ tem cells, cloning, regeneration and life 
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J 
from medieval alchemists’ homunculi to rou- 
tine assisted conception is a feat. Through his 
impeccable research, Ball successfully argues 
that the tenacious myths of the past that sur- 
round the making of people or ‘anthropoeia 
(his coinage) affect life-science research today. 
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Human Anatomy: Depicting the Body from the 

Renaissance to Today 

Benjamin A. Rifkin, Michael J. Ackerman and Judith 

Folkenberg (Thames & Hudson, 2011; £19.95) 

This beautifully produced book presents more than 
500 years of anatomical illustration. It charts how 
our knowledge about the body has changed along 
y with our interpretation of what we see within it. 


Wetware: A Computer in Every Living Cell 
Dennis Bray (Yale Univ. Press, 2011; $18) 

By treating a single-celled organism as a 
computational system, biologist Dennis Bray 
explains how it balances internal chemistry, 
responds to light and hunts prey — all without 

a nervous system. He sees cells as unique 
molecular circuits that perform logical operations. 
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of QED. The result was so powerful that, 
according to US-based physicist Freeman 
Dyson, Feynman could do a calculation 
that once took several months “in half an 
hour” on the blackboard. 

When he won his Nobel prize in 1965, 
Feynman felt his methods were merely 
useful, not profound. Today, his approach 
is considered a more fundamental way 
to look at quantum theory than the for- 
mulations of its founders, such as Niels 
Bohr, Werner Heisenberg and Erwin 
Schrodinger. It is the basis of how physi- 
cists think about particles interacting, 
exchanging carriers of force, fluctuating 
in and out of existence. It is also, ironi- 
cally, the basic tool of both string theory 
and quantum cosmology. 

Krauss does a good job of imparting 
Feynman’s fascination with all physical 
phenomena, and goes on to describe 
Feynmans later groundbreaking work in 
other fields — on the weak interactions, 
the theory of liquid helium and his par- 
ton model, which provided evidence for 
the existence of quarks. Intertwined with 
the physics are snippets of Feynman's per- 
sonal life, including his habit of working 
on physics in a strip club, and his undying 
love for his first wife Arline Greenbaum, 
who died from tuberculosis in 1945, just 
a few years after they were married. 

As Krauss acknowledges, the book 
contains little that is new. Jagdish Mehra’s 
The Beat of a Different Drum (Clarendon 
Press, 1994) is a far more detailed account 
of Feynman's science, equations and all; 
and James Gleick’s best-seller Genius 
(Little, Brown, 1992) covers Feynman’s 
personal life in greater depth. Still, I 
found the account of Feynman’s hard 
work, passion and discoveries inspira- 
tional, and, for a physicist at least, good 
bedtime reading. For those without a 
strong physics background, however, 
the prose can be tough going, especially 
the more technical passages. Personally, 
I love being talked to that way. m 
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Ball traces the concept that nature is 
good and techne is bad back to Aesop’s 
and Ovid’s Prometheus, maker of human- 
ity from earth and water, and provider of 
technology to man. After Prometheus came 
recipes for making miniature humans called 
homunculi. Starting in the Middle Ages, 
initially as a cure for childlessness, the art 
of homunculi-making evolved into a 
debate over whether the minis- 
cule men hada soul. Johann 
Wolfgang von Goethe's 
nineteenth-century 
poetic play Faust raises 
this spectre. Deploy- 
ing the biological 
equivalent of alchemy, 
Faust’s former assis- 
tant, Wagner, creates 
his homunculus: a tiny 
super-being with magi- 
cal powers who is trapped 
in a glass vessel, doomed to 
remain captive without the 
capacity to become a proper man. 

In 1818, Mary Shelley published Franken- 
stein, appropriately subtitled “The Modern 
Prometheus, in which her eponymous sci- 
entist unintentionally constructs a monster, 
by unexplained means, from human parts. 
There are also golems — the animated 
beings of Jewish folklore, made from clay 
and brought to life by religious magic for the 
purpose of imitating God’s creation. 

Ball distills out of all this a set of univer- 
sal myths surrounding anthropoeia that 
are deeply ingrained in society, resulting in 
the widely held view that artificial people- 
making is unnatural and deeply wrong — 
heretical, as in the book's subtitle. His thesis 
is that humans fear that uncovering forbidden 
knowledge will result in either divine or other 
retribution. Prometheus, Faust and Frank- 
enstein all pay a heavy price for their trans- 
gressions into anthropoeia. Even today, Ball 
points out, societal and cultural debate is per- 
vaded by the belief that technology is intrin- 
sically perverting and thus carries certain 
penalty. Views that human cloning will be 
used for social engineering, eradicating one 
gender or resurrecting undesirable figures 
from the past, for example, all reflect age-old 
fears about the consequences of meddling in 
the ‘unnatural. Ball warns that, as there is no 


global ban on human reproductive cloning, 
there is a strong chance that it will happen. 
It is thus likely to become a de facto reality 
without the well-informed debate it deserves. 
As scientific knowledge accumulates and 
makes some acts of anthropoeia more and 
more plausible, the challenge for the pub- 
lic will be to separate fact from fiction. For 
example, Ball ends his literary tour 
with Aldous Huxley’s novel 
Brave New World. In 1931, 
the book’s in vitro pro- 
duction of embryos in 
the Central London 
Hatchery and Condi- 
tioning Centre was 
pure conjecture by 
Huxley, based on the 
scientific forecasts of 
his day. Today, in vitro 
fertilization (IVF) is 
mainstream medicine 
— more than four million 
babies have been born using 
this technique. But the technology 
still has its critics, including within the 
Vatican. On the awarding of the 2010 Nobel 
Prize in Physiology or Medicine to IVF pio- 
neer Robert Edwards, Ignacio Carrasco de 
Paula, head of the Pontifical Academy for 
Life, stated that the award was “completely 
out of order’, as without IVF there would be 
no market for human eggs “and there would 
not be a large number of freezers filled with 
embryos in the world”. For some, such words 
conjure up images of unscrupulous 
profiteering and factory-like stor- 
age of human lives, generating 
fears that human procreation ed 
will be reduced to mere money 
and industrial bioprocessing. 
Huxley was more futur- 
istic in including humans 
conceived and grown entirely 
outside the body. As Ball 
explains, the artificial womb 
remains fiction, albeit moving 
slowly towards fact. Its leading exponent, 
Hung-Ching Liu, at the Center for Repro- 
ductive Medicine and Infertility in New 
York, has grown human uterus lining 
(endometrium) and thinks it will even- 
tually be possible for fetuses to be grown 
outside a woman's body. Progress has been 


made in other species, including mouse 
embryos gestated to almost full term in 
‘pubbles’ of endometrial tissue and prema- 
ture goats kept alive by artificial placentas. 

Meanwhile, headlines about three-parent 
human embryos and mice with two fathers 
continue to fuel science fiction. Back in 1978, 
the film Boys from Brazil imagined Nazi 
physician Josef Mengele attempting to 
resurrect Adolf Hitler by reproductive clon- 
ing. Some 20 years later, in The Matrix (1999), 
countless humans are bred and kept in pods 
so that their body heat and electrical activity 
can be harvested as energy for the machines 
that have taken over the world. More recent 
films, such as The Island (2005) and Splice 
(2009), have further built on the science fic- 
tion of reproductive science. 

The challenge for innovative biological 
research is that, until it translates into real 
benefits, it is often viewed with mistrust and 
worse-case scenario imagery. In reality, once 
products and services are released into soci- 
ety, they are adopted by a few enthusiasts and 
then, if successful, by the wider community. 
In the 1970s, for example, anxieties were rife 
about the unfounded threat that IVF posed to 
human welfare and dignity, let alone whether 
a test-tube baby could ever be wholly human. 
Yet the first IVF baby, Louise Brown, was just 
like everyone else, so [VF became socially 
acceptable. We cannot predict whether 
human cloning will proceed in the same 
manner, so the past is our only pointer. 


Life from an RNA World: The Ancestor Within 
Michael Yarus (Harvard Univ. Press, 2011; $17.95) 
Many biologists think that today’s DNA-based life 
forms evolved from RNA molecules. Biochemist 
Michael Yarus marshals arguments in support 

of that theory in his book, which explores the 
principles of Darwinian evolution, the tree of life and 
the diverse abilities of RNA. 
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For scientists, clinicians and biotechnology 
business people, understanding deep- 
rooted ideas, however irrational, is 
vital for successful dialogue with 
the public. The fiasco of geneti- 
cally modified (GM) crops 
came about because of the fail- 
ure to predict that the media 
would label GM products as 
‘Frankenfood’ — together with 
the moral judgement it would 
infer. Today, stem cells and cloning 
are under the media spotlight. Unnat- 
ural is therefore a must-read for all stakehold- 
ers of these advanced technologies. m 


Chris Mason is a professor at the Advanced 
Centre for Biochemical Engineering, 
University College London, UK. 

e-mail: chris. mason@ucl.ac.uk 


Biology is Technology 

Robert H. Carlson (Harvard Univ. Press, 2011; $21.95) 
Robert Carlson explains how to build synthetic 
biological systems from basic components 

and the technology used to manipulate them. 

“An informative view of the future prospects for 
biotechnology and its regulation,” wrote reviewer 
Michael Goldman (Nature 464, 1129-1130; 2010). 
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How to get ahead 


A thorough review of how the human head evolved 
shows how hominins outpaced apes, finds Henry Gee. 


Imost everything we know of our 
A@ comes through one structure 

— the head. Our organs of sight, 
hearing, smell, taste and balance huddle 
in this crowded tenement, which com- 
prises just 8% of our body’s mass. Mean- 
while, down in the basement, air flows in 
and out; food is swallowed and processed; 
and sounds emerge — from belches to 
Beethoven. All this activity is coordinated 
by the brain, the head’s largest and most 
mysterious organ. 

Given this foam of business, it is amazing 
that we get any peace. That we do is testa- 
ment to the integration of the head — despite 
sharing such a small space, all its tenants get 
on famously. This integration, says Daniel 
Lieberman in The Evolution of the Human 
Head, his thorough review of the head’s 
anatomy and development, is key to the 
powerful ability of the human head to evolve. 
A small amount of tinkering in one part can 
lead to a more comprehensive reorgani- 
zation, as the various sections of the head 
mould themselves to new circumstances. 

The head divides into three parts: the 
brain and the cranial vault that houses 
it; the cranial base on which the brain 
sits; and the face, hafted to the front of 
both. Each influences the others, explains 
Lieberman, a professor of human evolu- 
tionary biology at Harvard University in 
Cambridge, Massachusetts. Together the 
three parts determine the look of modern 
humans compared with other apes. A larger 
brain needs a more flexed cranial base to 
support it, thus shortening the face, which 
is retracted under the braincase. So our 
heads appear less extended than those of 
our closest animal relatives. 

A shorter pharyngeal cavity relative to the 
neck gives us a system of tubes that produces 
more intelligible speech sounds than a longer 


one could. Our short, 
round tongue decou- 
ples the epiglottis 
from the soft palate, 
giving more access 
for odorants to nasal Petit 40 | 
epithelia. A shorter | 
face means a smaller 
jaw, all the better 
for chewing cooked 
foods hue getting ee 
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maintaining a large 

brain. This positive 

feedback loop contributes to the continuing 
success of Homo sapiens. 

Lieberman does well to steer a course 
away from the blurry and disputed details 
of hominin lineages. Instead he focuses on 
the basics of how the head develops. He sets 
out the elegant certainties of biomechanics: 
how the strains of chewing influence bone 
deposition and resorption; how the mechan- 
ics of jaw shape interact with the cranium 
and the associated tendons and musculature 
to integrate the head’s components; how 
the shape of the nose promotes turbulent 
airflow and thus efficient detection of 
odorants, and moderation of heat loss and 
water resorption; and how the dimensions 
of the ear canal attenuate some frequencies 
while amplifying others. 

Lieberman's thoroughness especially 
enriches the final quarter of the book — a 
tour of human evolution in terms of the 
detailed changes wrought on head anatomy 
over the past few mil- 
lion years. Climate 
For a review of Neil change was to blame: 
Shubin’s YourInner the drying, cooling 
Fish: climate forced for- 
go.niature.com/yh2sk8 est apes to either 


The Evolution of 


> NATURE.COM 


SPRING BOOKS | COMMENT | 


retreat farther into the trees or adopt more 
marginal lifestyles. 

A bipedal life, however, forced certain 
compromises. The lack of lengthy canines 
in early hominins might be less to do with 
sexual selection than the imposition of a 
shorter face (with less room for long teeth) 
on a head seeking balance atop an upright 
carriage. Some early hominins became 
better at subsistence on the marginal fare 
of roots and seeds, evolving immense teeth 
and powerful, crushing jaws. Others, the 
descendants of which became Homo, found 
that although nutritious fruits were scarce 
on the savannah, nutritious ungulates were 
common — but they needed to be caught. 

The hunting imperative led to a suite of 
features suggesting that humans, uniquely 
among primates, became excellent long-dis- 
tance runners. No chimpanzee, for example, 
could attempt a marathon across the Sahara 
Desert. Yet human athletes do this, and 
survive. Running imposes many constraints 
and demands on the head of a biped, con- 
nected with stabilization and protection 
from shock, which are seen in the anatomy 
of humans but not in apes. One such feature, 
the nuchal ligament that links the back of 
the skull to the neck, finds parallels in other 
chasers-of-prey such as dogs. 

Most pursuit predators and scavengers 
work at dusk, dawn or at night. Even before 
the evolution of Englishmen, early humans 
found that the midday Sun offered a vacant 
niche. Because humans can maintain a pace 
that exceeds the walking speed of many 
quadrupeds, even in the heat of the day, 
the quarry is forced to stand its ground or 
run and risk collapsing from hyperthermia. 
Bushmen adopt such a hunting strategy to 
this day. Its use by early Homo could have 
promoted the many adaptations seen for 
long-distance running, as well as the thor- 
oughgoing changes in the structure of the 
head and face that set humans apart from 
all other apes. 

By rooting his study in the basics of 
tissue mechanics and functional morphol- 
ogy, Lieberman does the spadework to which 
all such studies aspire but few achieve — and 
makes that task seem elegant and effortless. m 


Henry Gee is a senior editor at Nature. 
e-mail: h.gee@nature.com 


— Banquet at Delmonico’s: The Gilded Age and the 
* Triumph of Evolution in America 
Ps Barry Werth (Univ. Chicago Press, 2011; $19) 
&> Philosopher Herbert Spencer took Charles Darwin’s 
ideas to the United States in 1882. Barry Werth 

focuses on the influential diners at a banquet held 
in Spencer’s honour, describing how they used 

y evolutionary ideas in an attempt to improve society. 


Mothers and Others: The Evolutionary Origin of 
Mutual Understanding 

Sarah Blaffer Hrdy (Belknap Press, 2011; $19.95) 
In her provocative book, anthropologist Sarah 
Blaffer Hrdy argues that because human infants 
are too expensive to be raised by mothers alone, 
both parents must invest heavily in social skills to 
bargain with other group members for resources. 
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The medium is the message 


Thomas J. Misa enjoys a history of communication tools, from talking drums to Twitter. 


Economies that once manufactured goods 

now create value by processing informa- 
tion. Global flows of money, ideas and news 
determine which countries engage with 
global society and which are left silently on 
the sidelines. A skein of pervasive mobile 
computing keeps us connected — instantly, 
continuously, incessantly. James Gleick’s latest 
book, The Information, examines the genesis 
of the information society and the roots and 
consequences of information theory. 

Gleick is no stranger to demanding scien- 
tific topics. His blockbuster Chaos (Penguin, 
1987) popularized Edward Lorenz’s math- 
ematics of complexity. He is also the biogra- 
pher of physicists Richard Feynman and Isaac 
Newton. In The Information, he highlights 
the great surge of classifying and calculating 
often labelled as the industrial and scientific 
revolutions, and he profiles leading theorists, 
notably US mathematician Claude Shannon. 


[eens is the paradigm of our time. 


Gleick acknowledges 
that the concept of 
information and its 
impacts are difficult 
to grasp, yet explains ? 
our fascination with j 
seeing information as 


Mains i309 


ons 


THE INpy eM. YTToN 


the driver of just about "sory | 
everything. - 
Rather than tel- Thelnformation: A 

egraphs or telephones, oo A Theory, 
Gleick begins with JAMES GLEICK 

talking’ African — pantheon/Fourth 
drums. Because Afri- Estate: 2011. 544 pp. 
can languages had $29.95/£25 


hundreds of sounds, it 

seemed impossible to European observers that 
complex messages could be conveyed using 
drums that made only two sounds, pitched 
high and low. Yet for centuries, almost all 
African people could understand the messages 
that were broadcast by skilled drummers. 


After decades of European puzzlement, 
John Carrington’s 1949 book The Talking 
Drums of Africa revealed all. There was no 
telegraph-like Morse code within drum- 
ming. African languages relied only partly on 
unitary sounds or ‘phonemes’ and more 
fundamentally on their intonation. Simply 
altering their tones could transform the 
phonemes for ‘he watched the riverbank’ 
into ‘he boiled his mother-in-law. With 
drum tones expressing the rising and falling 
pitches of African speech, drummers could 
accurately convey a complex message. And 
anyone whose ear was attuned could under- 
stand it. Using this accessible analogy, Gleick 
deftly introduces the concepts of information 
channels, intentional redundancy of mes- 
sages and the importance of error correction. 

Gleick’s more technical treatment of 
Shannon and information theory is a recur- 
ring thread of the crucial middle chap- 
ters. He serves up enlightening side views 
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Piracy: The Intellectual Property Wars from 
Gutenberg to Gates 
pd Adrian Johns (Univ. Chicago Press, 2011; $22.50) 

ven Intellectual piracy, as historian Adrian Johns explains, is 
nothing new. From the invention of the printing press 
to modern file-sharing, Johns explores the wars that 
have arisen over intellectual property rights. (See 

d Steven Shapin’s review: Nature 466, 563; 2010.) 


Power Struggles: Scientific Authority and the 
Creation of Practical Electricity Before Edison 
Michael Brian Schiffer (MIT Press, 2011; $19) 
Behavioural archaeologist Michael Schiffer 
investigates electricity technologies before 
Thomas Edison’s success. He shows why some 
made an impact while others failed, and the role 
of scientific authority in determining their fate. 
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Size Matters: Alphabet (2005) by Dalton Ghetti. 


to Babylonian mathematics, the Oxford 
English Dictionary, Charles Babbage’s 
mechanical computers, telegraph codes, the 
‘completeness’ of formal mathematics, war- 
time cryptography and especially the tele- 
phone system, which provided a focus for 
Shannon's work. He also gives apt summa- 
ries of Walter Ong, Marshall McLuhan and 
other commentators on the information age. 
The narrative of Shannon's place in infor- 
mation theory is well known to historians. 
Shannon, a distant relative of Thomas 
Edison, grew up in rural northern Michi- 
gan, studied electrical engineering and 
mathematics at the University of Michigan, 
then went to the Massachusetts Institute of 
Technology (MIT) in Cambridge. Here, 
after operating Vannevar Bush’s massive 
mechanical differential analyser and work- 
ing at Bell Telephone Laboratories during 
the summer break, he started work on 
his master’s thesis: ‘A Symbolic Analysis 
of Relay and Switching Circuits. It was 
accepted by MIT in 1937 and published a 
year later. Psychologist Howard Gardner 
called it “possibly the most important, 
and also the most famous, master’s 
thesis of the century”. Telephone switch- 
ing systems at the time were composed 
of thousands of electromechanical 
relays; within two decades or so, they 


had evolved into electronic computers. 

Shannon was the link between algebra 
and switches. He saw that the on-off states 
of telephone relays resembled the algebra 
originally conceived by George Boole in the 
1850s, with its now-familiar notation of ones 
and zeroes and ‘and? ‘or’ and ‘not operators, 
and that immense systems of telephone 
relays could be analysed through Boolean 
algebra. Shannon also showed that logical 
problems, such as adding two binary num- 
bers together, could be modelled exactly 
using telephone relays — and, soon enough, 
vacuum tubes, transistors and semiconduc- 
tor chips too. Having grounded modern 
computing in this way, Shannon created 
‘An Algebra for Theoretical Genetics, as his 
doctoral thesis was titled, in 1940. 

A full-blown information theory arrived 
soon after. Following a year at the Institute 
for Advanced Study in Princeton, New Jersey, 
Shannon joined Bell Telephone Laborato- 
ries full-time in 1941 and worked on war- 
time cryptography and fire-control projects. 
Shrouded in secrecy, the wartime work 
introduced him to British computer scien- 
tist Alan Turing (they had tea together for 
two months but could not discuss their code 
work), and linked his thinking with math- 
ematician Norbert Wiener’s broadly similar 
theory of the role of randomness or ‘entropy’ 
in information. All communication, Shan- 
non decided, resembled coded messages 
sent through a noisy channel: distortion 
and noise battled against redundancy and 
bandwidth. He defined these terms math- 
ematically. Shannon gained international 
acclaim after publishing two famous tech- 
nical articles in which he named the bit 
(short for ‘binary digit; first coined in a Bell 
Labs memo by statistician John Tukey), and 
after writing a popular book with engineer 
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and mathematician Warren Weaver, The 
Mathematical Theory of Communication 
(University of Illinois Press, 1949). 

Having engagingly assembled informa- 
tion theory, Gleick might have examined its 
many ramifications in the mathematics of 
coding theory, data compression and error 
correction that underpins everything from 
mobile phones to DVDs. Instead, he treats 
information more metaphorically, covering 
the founding of cybernetics, the genetic code 
of DNA and the birth of quantum infor- 
mation science and the allure of quantum 
computing. His asides on the editing history 
of Wikipedia articles, although entertaining, 
begin to stretch the interpretive framework. 
A final substantive chapter surveys our 
predicament of information overload, 
the flood of the book’s subtitle: too many 
genomes, sky surveys and climate models, 
let alone e-mails. He confronts social media 
such as Twitter, describing it as “banality 
shrink-wrapped, enforcing triviality by 
limiting all messages to 140 characters”. 

Gleick admirably raises the question of 
how information relates to meaning and 
semantics, which Shannon specifically 
ruled out of scope in his theory, yet Gleick 
mostly inclines towards instances of verbal 
and mathematical thinking. “The written 
word — the persistent word — was a pre- 
requisite for conscious thought as we under- 
stand it; Gleick suggests. An anecdote from 
Feynman opens up this tidy world: “Think- 
ing is nothing but talking to yourself, he 
once remarked. “Oh yeah?” countered a 
friend. “Do you know the crazy shape of 
the crankshaft in a car? Now tell me: how 
did you describe it when you were talking 
to yourself?” Thinking in this spatial way, 
Feynman set the stage for nanotechnology 
in his article in Popular Science in Novem- 
ber 1960, titled “There's Plenty of Room 
at the Bottom: How to Build an Automo- 
bile Smaller than this Dot? Semantics and 
spatial thinking might be considered for a 
new, generative theory of information to 
enhance Shannon’. = 


Thomas J. Misa is director of the 
Charles Babbage Institute at the 
University of Minnesota, Minneapolis, 
Minnesota 55455, USA. 

e-mail: tmisa@umn.edu 


The Eerie Silence 

Paul Davies (Mariner Books, 2011; $15.95) 
Astrophysicist Paul Davies describes the 50-year 
Search for Extra-Terrestrial Intelligence project. He 
proposes other approaches, from scouring Earth 
for microscopic aliens to seeking intelligence 

on planets beyond the Solar System. (See Chris 
McKay’s review: Nature 464, 34; 2010.) 


Fermilab: Physics, the Frontier, and Megascience 
Lillian Hoddeson, Adrienne W. Kolb and Catherine 
Westfall (Univ. Chicago Press, 2011; $30) 

For 40 years, the Fermi National Accelerator 
Laboratory in Illinois has stood at the frontier of 
high-energy physics. The book charts the rise of 
this institution, detailing the difficulties of balancing 
pioneering science with tightened budgets. 
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Holding on to happiness 


Sonja Lyubomirsky welcomes a call for society to encourage people to ‘flourish’. 


r he premise of positive psychology — 
that it is as important to investigate 
wellness as it is to study misery — has 

reached the mainstream. Discussed routinely 
by politicians, educators and mental-health 
professionals, the field’s influence has grown 
rapidly. Martin Seligman, director of the 
Positive Psychology Center at the Univer- 
sity of Pennsylvania in Philadelphia, is the 
scholar, educator and charismatic leader 
who has championed these ideas passion- 
ately for more than a decade. In Flourish, his 
most personal and boldest book so far he 
argues that we should set aside “happiness” 
as a goal, and embrace a broader measure of 
well-being, which he calls “flourishing”. 

Seligman shares a wealth of insights and 
stories, mostly compelling and sometimes 
maddeningly digressing, which cast light 
on his passions and pet peeves. His wisdom 
and audacious opinions explain why he 
has attracted legions of both followers and 
high-profile critics, including writer and 
columnist Barbara Ehrenreich and New 
Yorker journalist Jane Mayer. 

Two themes run through the book. The 
first is that the study of optimal human 
functioning must be grounded in rigorous 
science. The second is more controversial: 
positive-psychology researchers have a duty 
to make the world a better place. Seligman’s 
book is a paean to applied science, a blue- 
print for how to translate empirical evidence 
from the laboratory to the real world. 

Seligman describes several applied 
initiatives that he has conceived and 
shepherded. In education, he has created 
and implemented curricula to develop 
character strengths (such as kindness and 
leadership), build grit (passion and perse- 
verance) and enhance positive emotions 
(happiness and gratitude) in schoolchildren 
and undergraduates. For example, children 
at risk of depression are guided to identify 
their top signature strength (such as loyalty) 


A PhD is Not Enough! A Guide to Survival in Science 


and use it in a new way at school each week. 
Seligman also teaches the theory and 
research behind positive psychology to indi- 
viduals in a range of occupations — from life 
coaches and entrepreneurs to policy wonks 
and fitness instructors. 

The most impressive effort Seligman dis- 
cusses is the Comprehensive Soldier Fitness 
programme now being implemented across 
the US Army community. The programme, 
profiled in a special issue of American Psy- 
chologist this January, involves measuring 
“psychosocial fitness” and building resilience 
in several life domains: emotional, social, 
family and spiritual. For example, sergeants 
are trained to avoid thinking the worst when 
faced with adversities, and soldiers are taught 
to identify emotions in others. This is a rare 


Size Matters: Alces alces (moose email) by 
Dana Harel, 2009. 


opportunity to change —— a 
the culture of a huge sr ARTIN 
institution that isnot | IGMAN 


known for prioritizing 
emotions, to prevent 
suffering (includ- 
ing suicide and post- 
traumatic stress) and 
bolster both flourish- 
ing and effectiveness 
in military roles. 

It is no accident 
that this book is titled 
Flourish yet Seligman’s 
preceding best-seller 
was called Authentic 
Happiness. He pro- 
fesses that he now 
detests the word “hap- 
piness’, for three reasons: it is overused and 
nearly meaningless; it is measured subjec- 
tively; and it connotes smiley-faced cheerful- 
ness and hedonism. However, the alternative 
terms proffered by Seligman — flourishing, 
well-being, meaning, love and growth — are 
no more likely to elude these problems. 

Setting out a new theory of well-being, 
Seligman posits that flourishing has four 
elements or pillars: positive emotion (hap- 
piness, satisfaction, engagement); meaning; 
positive relationships; and accomplish- 
ment (mastery). It is hard to argue with 
this intuitively appealing thesis. However, it 
has its weaknesses. First, Seligman’s theory 
confuses the elements of well-being with 
the contributors and consequences of well- 
being. For instance, people who report that 
they are happy are more likely than their 
less-satisfied peers to have meaning, good 
relationships and accomplishment in their 
lives. These factors may be sources of hap- 
piness — having a good marriage makes 
one more happy, for example. Or they may 
be outcomes — happier people are likely to 
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forge satisfying relationships. 


Poseidon’s Steed: The Story of Seahorses, from 
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Peter J. Feibelman (Basic Books, 2011; $14.95) 
Climbing the scientific career ladder is difficult, and 
the first steps from doctoral student to postdoc are 
the most precarious. Drawing on his experience as 
a physicist in academic and government labs, in his 
new edition Peter Feibelman offers career guidance 
to those entering the research job market. 


Myth to Reality 

Helen Scales (Gotham Books, 2010; $15) 

The weird world of the seahorse is explored by 
marine biologist Helen Scales. She describes 

its peculiar biology and the threats it faces, and 
reveals its importance to humans, from its role in 
Chinese medicine to ancient seahorse myths. 
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Second, although the four pillars are 
correlated, they do not necessarily amount 
to a single structure: they need not occur 
together and may originate and evolve dif- 
ferently over time. For example, a public 
servant who is passionate about his work may 
experience a great deal of positive emotion 
and meaning over the course of his career, 
but his relationships may suffer if he over- 
works. A selfless Mother-Theresa type may 
have meaning, accomplishment and fulfilling 
relationships, but experience little joy. These 
examples point to a third concern: it is not 
clear whether Seligman’s conceptualization 
of well-being is shared among cultures. 

Third, there is no empirical evidence that 
constructs such as meaning or love can be 
measured more objectively than happiness. 
If happiness is “all in one’s head”, as Seligman 
asserts, then so are some of the four pillars. 
Terms such as flourishing and well-being are 
useful shorthand, but calling the four pillars 
a theory is premature. 

Seligman’s ideas have a great deal of merit, 
but it is too soon to dispense with happiness. 
Research reveals that happy people are not 
self-centred, gratification-seeking hedon- 
ists whose lives are lacking in meaning or 
fulfilment. On the contrary, hundreds of 
studies have shown that happiness relates 
to outcomes such as creativity, productivity, 
effective coping, satisfying marriages, close 
friendships, higher earnings, longevity and 
strong immune systems. 

Seligman’s galvanizing goal for positive 
psychology is for 51% of the world’s popu- 
lation to be flourishing by the year 2051. 
Unlike many authors, he offers detailed and 
tested solutions as well as compelling argu- 
ments for how societies can aim to raise the 
amount of positive emotion, meaning, good 
relationships and accomplishment in their 
citizens. Even if his four pillars dont quite 
make a theory, everyone stands to benefit 
from his initiatives. If they are happy, flour- 
ishing or enjoying well-being, people won't 
care about the labels that researchers attach 
to those good feelings. = 


Sonja Lyubomirsky is professor of 
psychology at the University of California, 
Riverside, California 92521, USA, and 
author of The How of Happiness. 

e-mail: sonja.lyubomirsky@ucr.edu 
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any recent books about the fate 
Me life on Earth muse on fragility, 

tipping points and crises. But 
some writers see a more hopeful future for 
the planet. Without ignoring the monu- 
mental threats posed by humans, interdis- 
ciplinary studies may be offering reasons to 
be cheerful about the resilience of life in the 
face of change, and our chances of surviv- 
ing this and the next century. Australian 
palaeontologist Tim Flannery’s Here on 
Earth follows in this optimistic vein. 

By tracing the great shifts in Earth's geo- 
chemical and biological systems through 
time, he argues that life generates ever- 
more-sophisticated responses to varying 
planetary conditions. In particular, he 
notes, “from the most intense competition 
for survival, cooperation has emerged”. 
Such natural transformations hold lessons 
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Size Matters: Second Growth Forest pee by Eamon cae. 


The biosphere rebooted 


Michael J. Benton finds hope for the future in a study 
of humanity’s cooperation with the environment. 


for future challenges. 
He develops his 
theme through par- 
allel accounts of the 
history of Earth and 
of life, harnessing an 
impressive mix of 
research in geology, 
chemistry, biology, 


Here on Earth: A 


New Beginning pal a 
TIM FLANNERY : 

Allen Lane/Atlantic Flannery moves 
Monthly Press: 2011. deftly through some 


difficult science. 
Early in the book, 
he espouses Brit- 
ish environmentalist and chemist James 
Lovelock’s Gaia hypothesis that life sta- 
bilizes the planet and makes it habitable. 
He explains how chemical cycling during 
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Nature’s Palette: The Science of Plant Color 


John D’Agata (W. W. Norton, 2011; $14.95) 

Writer John D’Agata investigates the US 
government's plan to store nuclear waste beneath 
Yucca Mountain in Nevada. He documents the 
history of the project, its supporters and detractors, 
and muses on atomic-bomb tests and Las Vegas’s 
diminishing water supply and high suicide rate. 
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David Lee (Univ. Chicago Press, 2010; $22.50) 
The science of plant colour is explored by 
botanist David Lee, from the decorative use of 
plant dyes to the chemistry of plant leaf colour. “A 
compelling case that botany is full of intellectual 
challenges, many shamefully neglected,” wrote 
Philip Ball in his review (Nature 449, 982; 2007). 
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Writer John D’Agata investigates the US 
government's plan to store nuclear waste beneath 
Yucca Mountain in Nevada. He documents the 
history of the project, its supporters and detractors, 
and muses on atomic-bomb tests and Las Vegas’s 
diminishing water supply and high suicide rate. 
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David Lee (Univ. Chicago Press, 2010; $22.50) 
The science of plant colour is explored by 
botanist David Lee, from the decorative use of 
plant dyes to the chemistry of plant leaf colour. “A 
compelling case that botany is full of intellectual 
challenges, many shamefully neglected,” wrote 
Philip Ball in his review (Nature 449, 982; 2007). 
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COURTESY OF THE ARTIST 
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the Precambrian era — the first 4 billion 
years of Earth’s existence, until 542 million 
years ago — led animals, including humans, 
to develop the ability to absorb and store 
poisonous elements such as mercury, cad- 
mium and lead. He explores how the early 
evolution of life built the atmosphere; and 
how continental drift and mid-ocean hydro- 
thermal vents known as black smokers main- 
tain the salinity of the sea 
for marine life. 

Flannery then switches 
to human evolution and 
migration through Aus- 
tralia, Asia, Europe and 
the Americas, focusing 
on human ancestors’ 
impacts on the land. He 
shows, for example, how 
the slaughter of mam- 
moths in the Siberian tundra effec- 
tively destroyed the productivity of 
this terrain. Tundra plants must be 
eaten for the carbon they contain 
to be recycled, otherwise they 
simply freeze and the nutrients are 
locked in. Mammoths were the 
greatest eaters of this modest plant 
cover, bulldozing the snow aside 
with their baroque tusks and rede- 
positing the digested remnants 
as copious urine and droppings, 
which fertilized the land. With 
the demise of the mammoths, the 
tundra’s productivity also declined. 

Yet human behaviour in prehis- 
tory, and in non-industrialized 
societies today, was not always 
environmentally destructive. 
Flannery relates how Australian 
Aboriginal people learned that 
nutrients were recycled when 
vegetation was burnt in small patches — in 
contrast to the vast interior deserts created 
by mechanized agriculture on the continent 
today. Through taboos over eating certain 
rare species, indigenous New Guineans 
effectively preserved local biodiversity. 

Central to Flannery’s optimism is coopera- 
tion, including that between humans and the 
environment. He looks to insect colonies — 
sometimes termed ‘superorganisms’ because 
they can act as one unit — in which individ- 
ual members follow pheromone messages to 


fulfil tasks that meet group objectives. Com- 
paring insect communities to human socie- 
ties, Flannery shows how cooperation has 
increased the lifespan and benefits of modern 
humans compared with our ancestors, who — 
although they were able to tackle almost any 
task — had short and painful lives. 
Flannery acknowledges our persistent 
efforts to destroy Earth and ourselves: 


THE SLAUGHTER OF MAMMOTHS IN THE SIBERIAN 
TUNDRA EFFECTIVELY 


DESTROYED 


THE PRODUCTIVITY OF THIS TERRAIN. 


Size Matters: William River (2008) by Eamon MacMahon. 


nuclear proliferation, agricultural spray- 
ing with toxic weed killers and insecticides, 
persistent organic pollutants and industrial 
effluent of metals and carbon dioxide. The 
narrative in each case of big business, dis- 
ease and death, research and eventual regu- 
lation has been told many times, but rarely 
as thoroughly and dispassionately. The 
biggest threat of all, Flannery contends, is 
overpopulation. 

Yet he agrees with United Nations esti- 
mates that humans will self-regulate at about 


9 billion individuals by 2050, thanks to rising 
standards ofliving and decreasing family size. 
Improving economies will also strengthen 
people’s reasons to invest in their future. As 
individuals and corporations stop “discount- 
ing the future” by taking a reckless view of 
their own and their community’s survival, 
they will adopt more sustainable lifestyles, in 
which conspicuous consumption is mocked 
rather than admired. In 
support, Flannery notes 
the rise in the number 
of democratic countries 
from 40 to 123 in the past 
50 years, the beginning 
of international negotia- 
tions about sustainability 
and the rise of the Inter- 
net and mobile phones, 
which make secrecy hard 
to maintain. 

Despite the tendency for peo- 
ple to ignore the inevitable, and to 
become immune to doom-laden 
prophecies, Flannery believes 
that humanity will act before New 
York, Shanghai and London sink 
beneath the waves. A combina- 
tion of effective recycling of car- 
bon back into the soil, rewilding 
of vast areas and natural stabiliza- 
tion of human populations could 
present a long-term model for 
survival. It is a clear and rational 
proposal. However, many futurists 
would deny his optimism: revers- 
ing levels of current carbon usage, 
for example, would require an 
unimaginable change in coopera- 
tive behaviour worldwide. 

Although some might quib- 
ble about his reliance on specu- 
lative concepts such as Gaia, Flannery’s 
command of evolution, environmental 
chemistry, civilization and human moti- 
vations strengthens his case. His buoyant 
futurology is a hopeful counterpoint to the 
short-term denial and inertia of so many 
current decision-makers. = 


Michael J. Benton is professor of vertebrate 
palaeontology at the University of Bristol, 
Bristol BS8 1RJ, UK. 

e-mail: mike.benton@bristol.ac.uk 
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Living at Micro Scale: The Unexpected Physics of 
Being Small | 
David B. Dusenbery (Harvard Univ. Press, 2011; $22.95) f 
The size, shape and behaviour of tiny organisms are 

challenged and constrained by physics. Biologist se 
David Dusenbery describes how factors that larger | 
organisms can ignore — such as the viscosity of 
water or air — affect microrganisms. é , 


oo Diversity and Complexity 

Scott E. Page (Princeton Univ. Press, 2010; $19.95) 
Complex systems respond to diversity in 
sophisticated ways — some of which enhance 
system performance. Theorist Scott Page 
explains how diversity affects biological, 
ecological and social systems from tropical 
environments to the economy. 
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ORRESPONDENCE 


Intolerance: retain 
healthy scepticism 


The UK government's chief 
scientist, John Beddington, 
has done much to promote the 
potential of science to address 
pressing global imperatives. But 
in astraight-talking speech last 
month, he urged his audience 
of 300 government scientists 
to be “grossly intolerant” of 
“pernicious” and “fatuous” 
“pseudoscience” In this he 
included: scepticism of genetic 
modification technology; 
“illegitimate” advocacy of 
environmental precaution in 
response to unknowns; and 
suggestions that science is subject 
to morality. This approach is a 
rejection not just of irrational 
denial but of entirely reasonable 
social scepticism concerning 
science itself. 

It is ironic that defence of 
scientific rationality is often 
so emotive. Science does not 
monopolize social rationality. 
Although imperfectly realized, 
the principal distinctions 
between science and, say 
religion, politics, commerce or 
the media are arguably social 
practices of organized scepticism. 
Open publication, peer review, 
experimentation and critical 
respect for evidence help 
promote reasoned argument. 
But rational scepticism is as 
important outside as inside the 
social practices of science. Hence 
the motto of Britain’s Royal 
Society, ‘Nullius in verba’: take 
nothing solely on authority — 
even from scientists. 

Suppression of rational 
scepticism of science is also 
potentially undemocratic. 
Allocation of research priorities 
depends on contending interests 
and values. Technologies are 
partly shaped by social and 
political factors, not simply 
determined by unfolding 
knowledge. Economic, 
institutional, military and 
political pressures help to drive 


world science in particular 
directions. The internal 
dynamics of disciplines and 
universities are not immune to 
personality, privilege, prejudice 
or power. Intrinsic scientific 
uncertainties underscore the role 
of democratic debate. 

Inhibiting reasonable social 
questioning of science can 
foster disingenuity, polarization 
and untrustworthiness. The 
progressive social potential of 
science is therefore supported, 
not hindered, by greater political 
tolerance for scepticism. 
Andy Stirling University of 
Sussex, UK. 
a.c.stirling@sussex.ac.uk 


Intolerance: science 
informs, not defines 


The UK government’ chief 
scientist, John Beddington, last 
month demanded intolerance 
towards the “pseudoscience” 
used to challenge government 
science on certain policy issues. 
However, none of the growing 
range of public issues involving 
important scientific questions 
can be reduced, as Beddington 
did, simply to “science” or 
“pseudoscience”. 

The UK governments scientific 
advisory apparatus routinely 
imposes this ‘scientism’ — to 
science’s own public detriment. 

Public disagreement with policy 
commitments such as genetically 
modified crops or vaccination 
of children against measles, 
mumps and rubella (MMR) is 
rarely based on opposition to the 
science itself, even when science is 
used exclusively to justify policy. 
People are more likely to object 
to the brushing aside of their 
reasonable questions by scientists 
and policy-makers, and to the 
exclusion of important factors 
such as the pervasive exaggeration 
of scientific understanding and 
predictive control. 

Take the now-discredited 
claim that the MMR vaccine 


causes autism: for dissenting 
parents, the question was 
whether their child might be at 
greater individual risk than the 
average-population risk figures 
used by the government. This 
separate question was apparently 
discounted by government and 
supporting scientists. Yet which 
question was more salient was a 
matter of legitimate difference, 
not one-dimensional science 
versus pseudoscience. Both 
required recognition. 

What policy advisers anoint 
as ‘science’ for intended public 
authority always embodies 
unstated policy-related 
commitments, including 
presumptions over the defining 
questions. Such social questions 
in public science should be 
recognized and debated 
openly. Scientific knowledge 
should inform public issues, not 
define them. 

Brian Wynne ESRC Centre for 
Economic and Social Aspects of 
Genomics (Cesagen), Lancaster 
University, UK. 
b.wynne@lancaster.ac.uk 


More protection for 
China’s wetlands 


We estimate that China’s natural 
wetlands are disappearing even 
faster than feared (Nature 471, 
19; 2011). Stricter measures are 
needed to protect what is left of 
this valuable ecosystem against 
the increasing demand for land 
and development. 

Using Landsat Thematic 
Mapper imagery to map China’s 
wetlands (see, for example, Nature 
458, 134; 2009), we found that 
33% were lost between 1978 and 
2008. Some 55% of these were 
natural inland marshes, many of 
which are biodiversity hotspots. 
Land reclamation accounted for 
more than 70% of the total loss. 

The Tibetan plateau generated 
about 6,000 square kilometres 
of new wetlands between 1990 
and 2008 through deglaciation 


and thawing of permafrost, 
reducing wetland losses from 
66% between 1978 and 1990 to 


just 6% in 2000-08. Matters are 
also improving as a result of the 
Chinese government's substantial 
efforts in creating new protection 
areas and initiating wetland 
restoration projects. 

However, more effort is needed 
to arrest this loss altogether. 
This should be directed at 
providing operational support for 
continuous monitoring of critical 
wetlands, integrating wetland 
protection into watershed 
management plans and specific 
legislation for wetland protection. 
Zhenguo Niu, Haiying Zhang 
State Key Lab of Remote Sensing 
Science, Institute of Remote Sensing 
Applications, Beijing, China. 
Peng Gong University of 
California, Berkeley, USA. 
penggong@berkeley.edu 


The social impact 
of innovation 


David Edgerton wants scientists 
to be more vocal in opposing 
hare-brained innovations that 
stand little or no chance of success 
(Nature 471, 27-29; 2011). 

I agree that we place too high 
a value on innovation for its own 
sake, but fail to see what this 
has to do with Luddism. The 
objection of the Luddites was 
not to money being wasted on 
machines that would not work. 
On the contrary, the machines 
that the Luddites tried to destroy 
worked only too well. 

The lesson to be learned from 
Luddism is both more important 
and more sophisticated: 
when evaluating the worth 
of an innovation, we should 
be concerned with its wider 
social implications, as well as 
its narrowly economic ones. In 
other words, scientists should 
have consciences. 

Timothy Roper University of 
Sussex, UK. 
t.j.roper@sussex.ac.uk 
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OBITUARY 


Marshall Stoneham 


(1940-2011) 


Theoretician who contributed widely to condensed-matter physics. 


arshall Stoneham was a theoretical 
Miensese most noted for his work 

on defects in solids, who made 
wide-ranging contributions to condensed- 
matter science. He was a leading figure in 
the Atomic Energy Research Establishment 
(AERE) near Harwell, UK, when the key chal- 
lenges to the nuclear industry became mate- 
rials and waste disposal as much as nuclear 
physics. He died on 18 February, aged 70. 

Born in 1940 in Barrow-in-Furness, in 
northern England, Stoneham was educated 
at Barrow Grammar School for Boys, which 
produced three future Fellows of the Royal 
Society (of whom he was one), all in engi- 
neering and physical sciences, in the space of 
15 years. He studied physics at the University 
of Bristol and remained there to do a PhD, 
under the supervision of Maurice Pryce, in 
the theory of spin-lattice relaxation — how 
the spins of ions in a solid interact with 
the host crystal lattice — a topic of current 
importance in quantum information. 

In 1964 he joined the Theoretical Physics 
Division at AERE Harwell, then one of the 
world’s foremost physical-sciences labo- 
ratories. The division, built up by Walter 
Marshall and Alan Lidiard, included lead- 
ing figures such as Ron Bullough (in the 
theory of elasticity in metals), Tony Lane 
(in nuclear theory) and John Hubbard 
(in strongly correlated electron physics). 
Its work was stimulated by the needs of the 
nuclear industry, and Stoneham flourished 
in this challenging environment. 

He worked mainly on defects in solids, 
because these determined many properties of 
materials important in nuclear applications 
and in the emerging semiconductor industry. 
He was particularly known for explaining, 
with Pete Flynn at the University of Illinois 
at Urbana-Champaign, how hydrogen atoms 
move rapidly through metals and hence con- 
tribute to brittleness. This was typical of his 
style, combining a sharp fundamental insight 
(how the diffusing quantum atom interacts 
with the thermal environment) with the 
solution to an important applied problem. 

In 1975, he published the influential 
monograph Theory of Defects in Solids, which 
rationalized the vast phenomenology of the 
subject and explained it in terms of the under- 
lying quantum mechanics, giving the field an 
interpretative tool that is still valuable today. 
Collaborators who came to know him in sub- 
sequent years were struck by his astonishing 
memory — he often answered questions in 
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the form of a page reference to the book! 
During the 1970s, the Harwell theory 
team had a leading role in the development 
of condensed-matter computational phys- 
ics, enabled by the availability of mainframe 
computers. Although Stoneham was at 
heart an analytical theoretician, he appreci- 
ated this new capability. His solid-state and 
quantum-physics group exploited Harwell’s 
HADES code to model defects in solids, 
including their formation and migration 
energies and key structural properties. 
The influence of this code, and Stoneham’s 
group, extended beyond defect physics into 


solid-state chemistry, especially the chem- 
istry of non-stoichiometric compounds 
— the component elements of which are 
not present in simple proportions, usually 
indicating the presence of defects. Indeed, 
the group became a magnet in the 1970s and 
1980s for those working on defects in mate- 
rials, and the work extended to surfaces and 
interfaces, and made key predictions of the 
structures and stabilities of oxide surfaces. 
Stoneham’s group made advances in 
the physics and chemistry of nuclear fuels 
and, as the remit of Harwell broadened, in 
a wider range of problems. One such was 
Tony Harker’s work on non-destructive 
inspection of gas pipelines using ultrasound. 
Stoneham embraced the increasing com- 
mercial emphasis of what was by then AEA 
Industrial Technology, and in the early 1990s 
became AEAs chief scientist. Throughout his 
career he was a leading expert on, and expo- 
nent of, fission nuclear power. Just last year 
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he wrote a masterly article (A. M. Stoneham 
Phil. Trans. R. Soc. A 368, 3295-3313; 2010) 
on the history of the UK nuclear-energy pro- 
gramme and its prospects and challenges. 

Nevertheless, with the environment at 
Harwell becoming less conducive to funda- 
mental research, in 1995 Stoneham became 
the first Massey professor of physics at Uni- 
versity College London and director of its 
Centre for Materials Research. He loved the 
wide range of materials-related work there 
and developed projects in areas as diverse as 
minimally invasive dentistry, odour recog- 
nition, diamond film growth and quantum 
information science, where his ideas on opti- 
cally controlled gates led to a substantial and 
ongoing research programme. 

Stoneham was a major figure in the UK 
and international physics communities, 
with awards to match. He was for several 
years editor of Journal of Physics: Condensed 
Matter and last year became president of the 
Institute of Physics. He also inspired the many 
scientists who worked with him and guided 
them at crucial stages in their careers. He was 
exceptionally supportive of his junior col- 
laborators, and enjoyed challenging them to 
solve problems, using modern computational 
methods, more quickly and accurately than 
he could with his ingenuity and his slide rule. 

Marshall’s wife Doreen and two daughters 
are all physical scientists — a fact in which 
he took considerable pride, and with Doreen 
he founded Oxford Authentication, a com- 
pany that uses thermoluminescence to date 
fine-art ceramics. 

His scientific range was broad, but his 
interests extended even further. He was an 
accomplished horn player and the author of 
a book on music for wind ensembles. He was 
always stimulating company and he seemed 
to know something interesting about — and 
held a strong opinion on — almost any sub- 
ject. He gained and retained the respect and 
affection of all who worked with him and he 
leaves behind an enduring contribution to 
physics and to physicists. m 


Richard Catlow is dean of mathematical 
and physical sciences at University College 
London, London WC1H OA], UK. He knew 
Stoneham since doing a PhD at Harwell 

in the 1970s. Andrew Fisher is professor 
of physics at University College London, 
London WCIE 6BT, UK. He became 
Stoneham’s PhD student in 1986. 

e-mail: c.r.a.catlow@ucl.ac.uk 
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Dicer leaps into view 


An enzyme called Dicer is known for its central role in RNA-controlled gene silencing. Mammalian Dicer1, however, also 
seems to have another function: it maintains visual health by degrading toxic RNA molecules. SEE LETTER P.325 


GUNTER MEISTER 


s their name suggests, Dicer 
Aves cut long double- 

stranded RNA molecules into 
shorter pieces’”. They are therefore 
crucial for gene-silencing pathways 
that involve small RNAs such as short 
interfering RNAs or microRNAs — the 
most abundant classes of small RNAs 
in mammals**. Without functional 
Dicer, most of these RNAs cannot be 
generated”. On page 325 of this issue, 
Kaneko et al.° uncover a function of 
mammalian Dicer that is independ- 
ent of small-RNA generation but 
apparently equally essential. 

The authors were interested in the 
molecular basis of geographic atrophy 
— an advanced form of an eye disease 
called age-related macular degen- 
eration, which is a common cause of 
blindness in industrialized countries’. 
They found that patients with this 
condition have reduced levels of Dicer 
in their retinal pigment epithelium 
(RPE), an eye-specific tissue that is 
affected in geographic atrophy. Kaneko 
and colleagues also noted that in mice 
lacking Dicer selectively in the RPE, 
this tissue is severely degenerated, similar to 
the situation in geographic atrophy, and there- 
fore further implicating reduced Dicer levels in 
the pathogenesis of the disorder (Fig. 1). 

Loss of Dicer intuitively points to a role for 
microRNAs (miRNAs) in geographic atrophy, 
especially given that these short regulatory 
RNA sequences are highly abundant in mam- 
malian cells. Surprisingly, however, Kaneko 
et al.° could find no evidence to support this. 
For example, mice lacking two other enzymes 
required for miRNA processing (Drosha 
and DGCR&8) did not show degeneration of 
the RPE, even though these animals showed 
severely impaired miRNA function. So how 
does Dicer deficiency contribute to geographic 
atrophy? Kaneko and colleagues describe an 
as-yet-unrecognized function of the enzyme. 

Dicer processes double-stranded RNA, and 
the authors speculated that a class of double- 
stranded RNA other than miRNAs might 
be involved in the pathology of geographic 


Figure 1 | Geographic atrophy. The retina of a person with 
geographic atrophy — an advanced age-related macular 
degeneration — projected through the pupil and surrounded by the 
iris. The retina shows a horseshoe-shaped area where the retinal 
pigment epithelium cells are atrophied. This creates what is known 
as a window defect, making visible the choroidal vessels, which the 
healthy retinal pigment epithelium would otherwise mask. Kaneko 
et al.° implicate Dicer in the pathogenesis of geographic atrophy. 


atrophy. Indeed, they detected a marked 
increase in the levels of Alu RNA sequences 
in the eyes — and specifically in the RPE — of 
patients with this condition, but not in those 
of healthy individuals. And they noted that 
mice with Dicer deficiency in the RPE express 
increased levels of Alu RNAs. 

Alu RNAsare transcripts of Alu elements — 
the most common non-coding, repetitive DNA 
sequences in the human genome. But how do 
they cause geographic atrophy? Kaneko et al. 
tackled this question from several angles. 

Both enhancing the expression of Alu RNAs 
and their direct injection into the eyes of nor- 
mal mice reduced cell viability in the RPE and 
led to degeneration of this tissue. But when the 
authors increased the expression of Dicer along 
with that of Alu RNAs, the toxic effects of Alu 
RNAs were no longer seen. This suggests that 
Dicer processes longer Alu RNAs into shorter, 
non-toxic sequences. To test this possibility, 
the authors injected long double-stranded Alu 
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RNA, before and after treatment with 
Dicer, into the eyes of normal mice. 
Only the long unprocessed Alu RNAs 
caused RPE degeneration. 

Kaneko et al.° propose the follow- 
ing model for the pathogenesis of 
geographic atrophy. In the RPE, long 
double-stranded Alu RNA is con- 
stantly produced. In healthy individu- 
als, Dicer processes these toxic RNAs 
into shorter, non-toxic versions. In 
patients with geographic atrophy, how- 
ever, Dicer levels are greatly reduced, 
allowing the long Alu RNAs to cause 
cell death and RPE degeneration. 

As Dicer normally produces func- 
tional classes of small RNAs from 
double-stranded RNA precursors, 
an intriguing question is whether the 
products of Alu RNA processing by 
Dicer have specific cellular functions. 
In support of this possibility, Dicer 
generates endogenous short interfer- 
ing RNAs from repetitive elements 
in the mouse germ line’. Therefore, it 
could be that, in addition to the toxic 
long Alu RNAs, the absence of Dicer- 
generated small Alu RNAs contributes 
to features of geographic atrophy. 

Previous work’ has shown that 
reduced Dicer levels can occur in many tis- 
sues and are associated with various diseases. 
But these studies did not analyse Alu RNAs. 
On the basis of Kaneko and co-workers’ data, 
it is conceivable that the effects of toxic Alu 
RNAsare also widespread, as has always been 
expected. It remains unclear, however, why 
Dicer expression is reduced in the RPE, and 
not in other tissues. Are tissue-specific tran- 
scription factors also missing in geographic 
atrophy, or is Dicer degraded in the RPE 
after synthesis? 

Another pertinent question is whether these 
results® could further the search for new strate- 
gies for treating geographic atrophy. Kaneko 
et al. report that injecting antisense oligo- 
nucleotides into mouse eyes, which reduces 
Alu RNA levels, also decreases RPE degenera- 
tion. These are heartening findings. But before 
any therapy development can be contemplated, 
the molecular basis of Alu RNA detoxifica- 
tion by antisense oligonucleotide must be 


MICHAEL HANSON & BRADLEY GELFAND 


elucidated. Strategies to increase Dicer expres- 
sion might also prove to be useful therapeutic 
approaches. = 


Gunter Meister is in the Department 

of Biochemistry I, Faculty of Biology 

and Preclinical Medicine, University of 
Regensburg, 93053 Regensburg, Germany. 
e-mail: gunter.meister@vkl.uni-regensburg.de 
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Complex order 
in soft matter 


Spherical micelles can aggregate into highly organized structures. New micelle 
arrangements mimic known atomic crystals, both periodic and aperiodic, and 
provide evidence for a material with 18-fold rotational symmetry. 


SHARON C. GLOTZER & MICHAEL ENGEL 


rystallization as an ordering phe- 

nomenon is not restricted to atoms. 

Molecules, polymers, nanometre-sized 
particles and colloids also form crystals, fol- 
lowing similar thermodynamic principles. 
This realization has led to considerable efforts 
to mimic atomic crystals on nanometre and 
larger scales to obtain novel materials that can, 
for example, trap and bend light in unusual 
ways. One class of structure that has captured 
the attention of soft-matter scientists is 
aperiodic crystals known as quasicrystals, 
whose rotational symmetries were once 
thought to be forbidden in solids. In work 
published in the Proceedings of the National 
Academy of Sciences, Fischer et al.' report soft- 
matter quasicrystals with 12-fold and, for the 
first time, 18-fold rotational symmetry. The 
structures assemble from spherical micelles 
that self-organize from commonplace block 
copolymers in water. 

A micelle can be roughly envisaged as a stiff 
core surrounded by a brush-like corona of 
flexible tethers. Micelles form readily in solu- 
tions of amphiphiles (molecules with solvent- 
loving and solvent-hating parts, which include 
surfactants, block copolymers and branched 
polymers known as dendrimers) and are easily 
deformable under thermal motion. Thermo- 
dynamic-equilibrium phases are character- 
ized by a competition between elastic forces 
favouring spherical shapes and forces that 
tend to minimize the contact area between 
neighbouring micelles. 

Although a complete classification of spheri- 
cal micelle phases is an open problem, their 


phase behaviour is well understood in two 
limiting cases. If the micelles are very soft, 
elastic forces can be neglected and the micelles 
behave like soap froths’. In this case, the 
stable crystal is the solution of a classical prob- 
lem in mathematics, attributed to Kelvin: what 
space-filling arrangement of identical cells of 
equal volume has minimal surface area? The 
optimal solution is the Weaire-Phelan foam, 
the geometric dual of the A15 crystal structure, 
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which consists of micelles located at the cor- 
ners and in the centre of a cubic unit cell, and 
arranged in pairs on the cube faces. A close, but 
inferior competitor is the simple body-centred 
cubic (b.c.c.) lattice, consisting of cubic cells 
with micelles at each vertex and one in the 
middle of the cell. If, on the other hand, the 
micelles are very stiff, they pack densely like 
hard spheres and arrange into the face-centred 
cubic lattice (f.c.c.; Fig. 1a), just like apples 
and oranges stacked on store shelves. Between 
these two limits, surprisingly complex crystals 
and quasicrystals are observed. 

Quasicrystals were originally found only 
in metallic alloys. But the past decade has 
witnessed the discovery of quasicrystals and 
structurally related crystals in several soft- 
matter systems. The first of these was discov- 
ered’ in 2004 in a solution of wedge-shaped 
macromolecules (dendrons) that form micelles 
with radii of about 10 nanometres. A structur- 
ally closely related periodic crystal called the 
o-phase was observed under similar con- 
ditions. Both phases were also observed in 
mixtures of iron oxide (Fe,O;) and gold (Au) 
nanoparticles’, and in computer simulations of 
hard tetrahedra’. Star-shaped polymers were 
also shown to arrange into columnar quasi- 
crystals°. Block copolymers form micelles 
larger than dendrimer micelles and crystal- 
lize into the o-phase’, and now, as Fischer 
et al.' demonstrate in an aqueous solution 
of poly(isoprene-b-ethylene oxide), they 
self-assemble into quasicrystals. 

A material can obey symmetries that pre- 
serve the original structure upon rotation. 
Periodic order in two and three dimensions 
can have only 2-, 3-, 4- and 6-fold rotational 
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Figure 1 | Periodic and aperiodic micellar phases. a, Periodic face-centred cubic crystal phase (f.c.c.). 
b, c, Aperiodic quasicrystalline phases with 12-fold and 18-fold rotational symmetries (Q12, Q18). Each 
of these three phases can be described as a stacking of hexagonal layers of micelles (turquoise in a, and 
turquoise and yellow in b and c). In f.c.c., three flat layers A, B, C are shifted. Fischer et al.' model Q12 as 
two, on average hexagonal, layers that are rotated by 30° relative to each other (Ag:, Ajo), and Q18 as three 
layers that are rotated by 0°, 20° and 40° (Ay, Ayo», Ayos). The layers are not flat, and instead, the yellow 
micelles are positioned in between layer pairs. Red bonds indicate an exemplary tiling, and simulated 
diffraction patterns (bottom) indicate the phases’ rotational symmetry. 
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elucidated. Strategies to increase Dicer expres- 
sion might also prove to be useful therapeutic 
approaches. = 
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Complex order 
in soft matter 


Spherical micelles can aggregate into highly organized structures. New micelle 
arrangements mimic known atomic crystals, both periodic and aperiodic, and 
provide evidence for a material with 18-fold rotational symmetry. 


SHARON C. GLOTZER & MICHAEL ENGEL 


rystallization as an ordering phe- 

nomenon is not restricted to atoms. 

Molecules, polymers, nanometre-sized 
particles and colloids also form crystals, fol- 
lowing similar thermodynamic principles. 
This realization has led to considerable efforts 
to mimic atomic crystals on nanometre and 
larger scales to obtain novel materials that can, 
for example, trap and bend light in unusual 
ways. One class of structure that has captured 
the attention of soft-matter scientists is 
aperiodic crystals known as quasicrystals, 
whose rotational symmetries were once 
thought to be forbidden in solids. In work 
published in the Proceedings of the National 
Academy of Sciences, Fischer et al.' report soft- 
matter quasicrystals with 12-fold and, for the 
first time, 18-fold rotational symmetry. The 
structures assemble from spherical micelles 
that self-organize from commonplace block 
copolymers in water. 

A micelle can be roughly envisaged as a stiff 
core surrounded by a brush-like corona of 
flexible tethers. Micelles form readily in solu- 
tions of amphiphiles (molecules with solvent- 
loving and solvent-hating parts, which include 
surfactants, block copolymers and branched 
polymers known as dendrimers) and are easily 
deformable under thermal motion. Thermo- 
dynamic-equilibrium phases are character- 
ized by a competition between elastic forces 
favouring spherical shapes and forces that 
tend to minimize the contact area between 
neighbouring micelles. 

Although a complete classification of spheri- 
cal micelle phases is an open problem, their 


phase behaviour is well understood in two 
limiting cases. If the micelles are very soft, 
elastic forces can be neglected and the micelles 
behave like soap froths’. In this case, the 
stable crystal is the solution of a classical prob- 
lem in mathematics, attributed to Kelvin: what 
space-filling arrangement of identical cells of 
equal volume has minimal surface area? The 
optimal solution is the Weaire-Phelan foam, 
the geometric dual of the A15 crystal structure, 
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which consists of micelles located at the cor- 
ners and in the centre of a cubic unit cell, and 
arranged in pairs on the cube faces. A close, but 
inferior competitor is the simple body-centred 
cubic (b.c.c.) lattice, consisting of cubic cells 
with micelles at each vertex and one in the 
middle of the cell. If, on the other hand, the 
micelles are very stiff, they pack densely like 
hard spheres and arrange into the face-centred 
cubic lattice (f.c.c.; Fig. 1a), just like apples 
and oranges stacked on store shelves. Between 
these two limits, surprisingly complex crystals 
and quasicrystals are observed. 

Quasicrystals were originally found only 
in metallic alloys. But the past decade has 
witnessed the discovery of quasicrystals and 
structurally related crystals in several soft- 
matter systems. The first of these was discov- 
ered’ in 2004 in a solution of wedge-shaped 
macromolecules (dendrons) that form micelles 
with radii of about 10 nanometres. A structur- 
ally closely related periodic crystal called the 
o-phase was observed under similar con- 
ditions. Both phases were also observed in 
mixtures of iron oxide (Fe,O;) and gold (Au) 
nanoparticles’, and in computer simulations of 
hard tetrahedra’. Star-shaped polymers were 
also shown to arrange into columnar quasi- 
crystals°. Block copolymers form micelles 
larger than dendrimer micelles and crystal- 
lize into the o-phase’, and now, as Fischer 
et al.' demonstrate in an aqueous solution 
of poly(isoprene-b-ethylene oxide), they 
self-assemble into quasicrystals. 

A material can obey symmetries that pre- 
serve the original structure upon rotation. 
Periodic order in two and three dimensions 
can have only 2-, 3-, 4- and 6-fold rotational 
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Figure 1 | Periodic and aperiodic micellar phases. a, Periodic face-centred cubic crystal phase (f.c.c.). 
b, c, Aperiodic quasicrystalline phases with 12-fold and 18-fold rotational symmetries (Q12, Q18). Each 
of these three phases can be described as a stacking of hexagonal layers of micelles (turquoise in a, and 
turquoise and yellow in b and c). In f.c.c., three flat layers A, B, C are shifted. Fischer et al.' model Q12 as 
two, on average hexagonal, layers that are rotated by 30° relative to each other (Ag:, Ajo), and Q18 as three 
layers that are rotated by 0°, 20° and 40° (Ay, Ayo», Ayos). The layers are not flat, and instead, the yellow 
micelles are positioned in between layer pairs. Red bonds indicate an exemplary tiling, and simulated 
diffraction patterns (bottom) indicate the phases’ rotational symmetry. 
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symmetries. (The structure of a material 
with n-fold rotational symmetry remains 
unchanged under rotation by an angle of 
360°/n around the symmetry axis.) Other rota- 
tional symmetries are possible in quasicrystals. 
By far the most commonly found quasicrystals 
in alloys are icosahedral, or axial with decago- 
nal (10-fold) symmetry. Other, more rarely 
observed quasicrystals are octagonal (8-fold) 
and dodecagonal (12-fold). Interestingly, until 
now, all reported soft-matter quasicrystals had 
12-fold symmetry. Computer simulations 
show how dodecagonal symmetries are pre- 
ferred in micellar systems because of entropy’. 
Indeed, one of the two quasicrystal phases dis- 
covered by Fischer and colleagues is 12-fold 
symmetric (Q12; Fig. 1b). 

Much more surprising is their report of an 
additional phase with 18-fold symmetry (Q18; 
Fig. 1c) from the analysis of the quasicrystals’ 
X-ray and neutron diffraction patterns, which 
Fischer et al. classified as an enneagonal 
(9-fold) quasicrystal. Because diffraction pat- 
terns are always inversion symmetric, it is 
an open question whether their quasicrystal 
has 9-fold or 18-fold symmetry in real space. 
Although not prohibited, 18-fold (or 9-fold) 
rotational symmetry has never before been 
reported. 

The preference for certain symmetries may 
be understood by recognizing that quasicrys- 
tals can be embedded into higher-dimensional 
periodic lattices. The minimal embedding 
dimension of an n-fold symmetric structure is 
four for n = 5, 8, 10 and 12, and six forn =7, 9, 
14 and 18. All known quasicrystals have a low 
minimal embedding dimension of four. Per- 
haps, then, quasicrystals with n = 5, 8, 10 and 
12 are easier to form than other quasicrystals’. 
Indeed, Fischer and colleagues’ 18-fold struc- 
ture is the first report of a quasicrystal with 
a novel rotational symmetry in more than 
20 years. 

Proper identification of soft-matter quasi- 
crystals is challenging because they tend to 
be more thermally disordered than atomic 
crystals. This has important implications for 
the interpretation of diffraction patterns. As 
previously shown”, the scattering conditions 
responsible for the appearance of the Bragg 
diffraction peaks that characterize order in 
a material are highly sensitive to structural 
imperfections. These imperfections can lead 
to the appearance of secondary peaks. Fischer 
et al.' find an f.c.c. phase, at higher tempera- 
tures than for either Q12 or Q18, that has 
pronounced secondary peaks and thus many 
structural defects. The transition to the quasi- 
crystal on cooling involves a change of the 
layer stacking in f.c.c., which would be sig- 
nified by a transformation of the secondary 
peaks into primary peaks. With the authors’ 
currently available diffraction data, how- 
ever, one cannot definitively confirm this 
transformation scenario. 

Quasicrystal identification from diffraction 
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experiments also suffers from the fact that ifa 
system contains two orientations of a crystal, 
then the diffraction pattern is the superposi- 
tion of the two respective diffraction patterns. 
In many cases, the constituent crystals can 
share a very specific orientational relation- 
ship. For example, an f.c.c. twin can seem to 
have 12-fold symmetry. Fischer et al. ruled 
out twinning by comparing the experimental 
diffraction patterns with simulated diffraction 
patterns of an f.c.c. twin and a quasicrystal 
model. In future work, real-space images of 
the quasicrystals, captured by cryo-scan- 
ning electron microscopy and transmission 
electron microscopy, will allow even more 
definitive quasicrystal identification. That the 
observed structures are quasicrystals, and not 
twinned structures, is further supported by the 
observed phase transitions: from f.c.c. (at tem- 
peratures above 25°C) to Q12 (at 20-15 °C) to 
Q18 (at less than 10°C). Such a sequence is 
not expected from a system that undergoes 
twinning. 

The discovery of Q18 constitutes the first 
account of a novel quasicrystalline structure 
on the nanoscale with no equivalent known for 
atomic crystals. It has the highest order of dif- 
fraction symmetry recorded so far in any sin- 
gle-domain crystal. Such an order of symmetry 
may be relevant for photonic (quasi-)crys- 
tals'’. Photonic crystals affect the propagation 
of light in the same way as the potential in a 
semiconductor crystal affects electron motion 
by defining a region of forbidden electronic 
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energies, the bandgap. In photonics, a high 
degree of rotational symmetry is desirable 
for uniform bandgaps. The discovery of this 
new quasicrystal is even more remarkable — 
the system is a chemically well known, aqueous 
solution of simple block copolymers common 
in industrial applications as wetting, dispersing 
and foaming agents. The finding should spur 
a closer look at micelle-forming systems and 
inspire, in an interesting twist, the search for 
atomic analogues of soft-matter structures. = 
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Apoptosis meets 


necrosis 


Apoptotic cell death is essential for the development of multicellular organisms. 
Paradoxically, three proteins instrumental in apoptosis also collaborate to preserve 
life by preventing necrotic cell death. SEE LETTERS P.363, P.368 & P.373 
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poptotic cell death can be induced 
A: two distinct pathways: one intrin- 

sic to cells and one extrinsic. Among 
the main players in the extrinsic pathway in 
both mice and humans are the adapter protein 
FADD, the death-executing protease enzyme 
caspase-8, and a regulator of caspase-8 activ- 
ity, FLIP. These death-promoting proteins 
are also involved in embryonic development. 
How can such apparently opposing functions 
coexist? Three papers in this issue’ provide 
evidence that the proteins act together to 
suppress another type of programmed cell 
death — necrosis. 
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The extrinsic pathway of apoptosis begins 
with the binding of an appropriate ligand to 
members of the death-receptor family, which 
lie in the cell membrane. These then recruit 
and activate the death-inducing signalling 
complex (DISC). FADD, caspase-8 and FLIP 
are all essential components of DISC. 

Deletion of the genes encoding each of 
these DISC proteins causes mice to die in utero 
at mid-gestation as a result of vascular, car- 
diac and blood-cell-formation defects. Also, 
in vitro proliferation of immune cells called 
T cells is impaired if any of the three genes is 
deleted. What’s more, tissue-specific dele- 
tions of caspase-8 unveiled immunity-related 
functions of this enzyme: the prevention of 
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symmetries. (The structure of a material 
with n-fold rotational symmetry remains 
unchanged under rotation by an angle of 
360°/n around the symmetry axis.) Other rota- 
tional symmetries are possible in quasicrystals. 
By far the most commonly found quasicrystals 
in alloys are icosahedral, or axial with decago- 
nal (10-fold) symmetry. Other, more rarely 
observed quasicrystals are octagonal (8-fold) 
and dodecagonal (12-fold). Interestingly, until 
now, all reported soft-matter quasicrystals had 
12-fold symmetry. Computer simulations 
show how dodecagonal symmetries are pre- 
ferred in micellar systems because of entropy’. 
Indeed, one of the two quasicrystal phases dis- 
covered by Fischer and colleagues is 12-fold 
symmetric (Q12; Fig. 1b). 

Much more surprising is their report of an 
additional phase with 18-fold symmetry (Q18; 
Fig. 1c) from the analysis of the quasicrystals’ 
X-ray and neutron diffraction patterns, which 
Fischer et al. classified as an enneagonal 
(9-fold) quasicrystal. Because diffraction pat- 
terns are always inversion symmetric, it is 
an open question whether their quasicrystal 
has 9-fold or 18-fold symmetry in real space. 
Although not prohibited, 18-fold (or 9-fold) 
rotational symmetry has never before been 
reported. 

The preference for certain symmetries may 
be understood by recognizing that quasicrys- 
tals can be embedded into higher-dimensional 
periodic lattices. The minimal embedding 
dimension of an n-fold symmetric structure is 
four for n = 5, 8, 10 and 12, and six forn =7, 9, 
14 and 18. All known quasicrystals have a low 
minimal embedding dimension of four. Per- 
haps, then, quasicrystals with n = 5, 8, 10 and 
12 are easier to form than other quasicrystals’. 
Indeed, Fischer and colleagues’ 18-fold struc- 
ture is the first report of a quasicrystal with 
a novel rotational symmetry in more than 
20 years. 

Proper identification of soft-matter quasi- 
crystals is challenging because they tend to 
be more thermally disordered than atomic 
crystals. This has important implications for 
the interpretation of diffraction patterns. As 
previously shown”, the scattering conditions 
responsible for the appearance of the Bragg 
diffraction peaks that characterize order in 
a material are highly sensitive to structural 
imperfections. These imperfections can lead 
to the appearance of secondary peaks. Fischer 
et al.' find an f.c.c. phase, at higher tempera- 
tures than for either Q12 or Q18, that has 
pronounced secondary peaks and thus many 
structural defects. The transition to the quasi- 
crystal on cooling involves a change of the 
layer stacking in f.c.c., which would be sig- 
nified by a transformation of the secondary 
peaks into primary peaks. With the authors’ 
currently available diffraction data, how- 
ever, one cannot definitively confirm this 
transformation scenario. 

Quasicrystal identification from diffraction 
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experiments also suffers from the fact that ifa 
system contains two orientations of a crystal, 
then the diffraction pattern is the superposi- 
tion of the two respective diffraction patterns. 
In many cases, the constituent crystals can 
share a very specific orientational relation- 
ship. For example, an f.c.c. twin can seem to 
have 12-fold symmetry. Fischer et al. ruled 
out twinning by comparing the experimental 
diffraction patterns with simulated diffraction 
patterns of an f.c.c. twin and a quasicrystal 
model. In future work, real-space images of 
the quasicrystals, captured by cryo-scan- 
ning electron microscopy and transmission 
electron microscopy, will allow even more 
definitive quasicrystal identification. That the 
observed structures are quasicrystals, and not 
twinned structures, is further supported by the 
observed phase transitions: from f.c.c. (at tem- 
peratures above 25°C) to Q12 (at 20-15 °C) to 
Q18 (at less than 10°C). Such a sequence is 
not expected from a system that undergoes 
twinning. 

The discovery of Q18 constitutes the first 
account of a novel quasicrystalline structure 
on the nanoscale with no equivalent known for 
atomic crystals. It has the highest order of dif- 
fraction symmetry recorded so far in any sin- 
gle-domain crystal. Such an order of symmetry 
may be relevant for photonic (quasi-)crys- 
tals'’. Photonic crystals affect the propagation 
of light in the same way as the potential in a 
semiconductor crystal affects electron motion 
by defining a region of forbidden electronic 
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energies, the bandgap. In photonics, a high 
degree of rotational symmetry is desirable 
for uniform bandgaps. The discovery of this 
new quasicrystal is even more remarkable — 
the system is a chemically well known, aqueous 
solution of simple block copolymers common 
in industrial applications as wetting, dispersing 
and foaming agents. The finding should spur 
a closer look at micelle-forming systems and 
inspire, in an interesting twist, the search for 
atomic analogues of soft-matter structures. = 
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Paradoxically, three proteins instrumental in apoptosis also collaborate to preserve 
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poptotic cell death can be induced 
A: two distinct pathways: one intrin- 

sic to cells and one extrinsic. Among 
the main players in the extrinsic pathway in 
both mice and humans are the adapter protein 
FADD, the death-executing protease enzyme 
caspase-8, and a regulator of caspase-8 activ- 
ity, FLIP. These death-promoting proteins 
are also involved in embryonic development. 
How can such apparently opposing functions 
coexist? Three papers in this issue’ provide 
evidence that the proteins act together to 
suppress another type of programmed cell 
death — necrosis. 
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The extrinsic pathway of apoptosis begins 
with the binding of an appropriate ligand to 
members of the death-receptor family, which 
lie in the cell membrane. These then recruit 
and activate the death-inducing signalling 
complex (DISC). FADD, caspase-8 and FLIP 
are all essential components of DISC. 

Deletion of the genes encoding each of 
these DISC proteins causes mice to die in utero 
at mid-gestation as a result of vascular, car- 
diac and blood-cell-formation defects. Also, 
in vitro proliferation of immune cells called 
T cells is impaired if any of the three genes is 
deleted. What’s more, tissue-specific dele- 
tions of caspase-8 unveiled immunity-related 
functions of this enzyme: the prevention of 
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Figure 1 | Programmed-cell-death pathways are intertwined. a, In normal 
mice, death-receptor-mediated apoptosis and necrosis exist in a balance that 
is in part accomplished by cleavage of the necrosome components RIPK1 and 
RIPK3 by components of the apoptotic DISC complex. b, In mice deficient in 
any of the DISC proteins FADD, caspase-8 and FLIP, uncontrolled necrosis 
causes cell death and defects in various tissues, leading to embryonic death. 


skin inflammation, generation of myeloid and 
lymphoid cells, and differentiation of macro- 
phages. The question remained whether these 
various defects were due to loss of one or several 
functions of the DISC components. The new 
reports’ * suggest that almost all defects seen in 
any of the DISC-gene mutant mice can be traced 
back to one activity: the suppression of necrosis. 

But how does necrosis relate to apoptosis? 
Although apoptosis has been synonymous 
with programmed cell death for many years, 
there are at least three main forms of pro- 
grammed cell death: autophagy, necrosis and 
apoptosis. Autophagy allows a cell to survive 
— for instance, under conditions of limited 
nutrient availability — by digesting its own 
components; if carried to exhaustion, this 
results in cell death. Necrosis, in contrast to 
apoptosis, has been viewed as a form of acci- 
dental cell death brought about by injury to the 
cell by pathogens or toxins. 

Although several studies have suggested that 
certain forms of necrosis are programmed, the 
big breakthrough in the study of programmed 
necrosis (also called necroptosis*) came from 
the discovery that the enzymatic activity of the 
protein RIPK1 is instrumental in the execution 
of necrosis’. Intriguingly, RIPK1 was originally 
cloned through its interaction with CD95, a 
death receptor that induces apoptosis. 

More recently, RIPK3 — another member 
of the RIPK family — was found®’ to function 
with RIPK]1 ina complex called the necrosome. 
Caspase-8 can cleave both RIPK1 and RIPK3, 
inhibiting their role in caspase-independent 
cell death*”. This finding suggested crosstalk 
between DISC and the necrosome. 

To generate mice lacking both a DISC and 
a necrosome component (double-knockout 
mice), Oberst et al. (page 363)' and Kaiser 
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et al. (page 368)” crossed caspase-8-deficient 
mice with RIPK3-deficient mice; Zhang and 
colleagues (page 373)° crossed EADD-deficient 
mice with RIPK1-deficient mice. Strikingly, in 
all cases, the embryonic lethality observed in 
the absence of either FADD or caspase-8 was 
completely corrected. This observation alone 
confirms that FADD and caspase-8 on one 
side, and RIPK1 and RIPK3 on the other, are 
components of two opposing death mecha- 
nisms; the former seem to suppress the latter 
during embryonic development (Fig. 1). 

Oberst et al.' and Kaiser et al.” also report 
that T-cell proliferation in their double-knock- 
out mice was normal. This suggests that, in the 
absence of a gene encoding any DISC protein, 
uncontrolled necrosis inhibits T-cell prolifera- 
tion. Moreover, none of the double-knockout 
mice showed chronic skin inflammation, and 
the development of various immune cells was 
also normal. 

Why are genes of the necrosome expressed, 
only to be inhibited during embryonic devel- 
opment? After all, without a functional 
necrosome, mice make it through embryonic 
development just fine'®. Part of the answer 
probably lies in an additional activity of 
RIPK1 — to activate the transcription fac- 
tor NF-«B. In Zhang and colleagues’ study’, 
RIPK1-deficient mice died shortly after 
birth, and this neonatal mortality could not 
be corrected by additional deletion of FADD. 
Moreover, Oberst et al.' and Kaiser et al. 
find that, with age, mice lacking both RIPK3 
and caspase-8 suffered from a disorder of the 
immune system called progressive lympho- 
accumulation, which also occurs in CD95- 
deficient mice”. 

Apoptosis and necrosis seem to be regulated 
by different forms of caspase-8. The induction 
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FADD and RIPK1 die shortly after birth, and those lacking both caspase-8 and 
RIPK3 develop a lymphoaccumulation disease due to the absence of death- 
receptor-mediated apoptosis. 
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erotetrameric form of caspase-8. However, 
mice carrying a mutant caspase-8 that pre- 
vents release of the mature enzyme, and so 
renders it inactive for mediating apoptosis, 
develop normally, showing no defects in T-cell 
proliferation”; this hints at suppression of the 
necrosome. 
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mice deficient in both FLIP and RIPK1 or 
FLIP and RIPK3, Oberst et al.' tackled this 
question in vitro. They demonstrate that FLIP, 
independently of its activity in regulating cas- 
pase-8, is required for the protective function 
of the DISC genes during embryonic develop- 
ment. The caspase-8-FLIP complex seems to 
participate in preventing the formation ofa 
FADD-RIPK1-RIPK3-containing complex 
in response to TNF — a factor that induces 
necrosis. These data suggest that mice lack- 
ing FLIP and either RIPK1 or RIPK3 also may 
not show defects in development or T-cell 
proliferation. 

On the basis of these data”, itis tempting to 
conclude that all of the non-apoptotic effects 
of caspase-8 are due to its role in cleaving the 
necrosome. Let’s not forget, however, that cas- 
pase-8 has various non-apoptotic activities, 
ranging from growth promotion, cell motil- 
ity and invasiveness, to tumour metastasis. 
Investigation is needed into whether all of 
these activities can be traced back to suppres- 
sion of the necrosome. The simple view that 
caspase-8 controls the necrosome through 
proteolytic cleavage of RIPK1 and/or RIPK3 
is not fully supported by the available data”’. 
And Zhang and colleagues’ study suggests 
that FADD-deficient embryos show greatly 
increased levels of RIPK1 as well as signs of 
RIPK3 aggregation, which may not be solely 
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caused by a lack of cleavage by caspase-8. 

Little is known about pathways downstream 
of the necrosome. Either reactive oxygen species 
or activation of autophagy through deregu- 
lated metabolism might be essential for the 
completion of programmed necrosis™. It has 
become clear, however, that the various death 
pathways are more closely intertwined than was 
previously thought. The crosstalk between the 
components regulating autophagy’, apoptosis 
and necrosis’ * amply demonstrate that. m 
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Continental jelly 


An approach integrating different data sets has been used to map out seismic- 
velocity ratios in the crust of western North America. High inferred quartz 
content correlates with tectonic deformation zones. SEE LETTER P.353 


ROLAND BURGMANN & PASCAL AUDET 


ver since the recognition of plate tec- 
Bes on Earth, with its jigsaw puzzle 

of shifting plates, geoscientists have 
wondered why otherwise strong and rigid 
continents repeatedly break up and collide 
along the same zones of apparent weak- 
ness. On page 353 of this issue, Lowry and 
Pérez-Gussinyé’ propose that the inherent 
weakness of these persistent deformation 
zones may be caused by the low strength 
of quartz, and its relative abundance in 
such zones in the continental crust — 
Earth’s outermost layer, which is generally 


Pacific Ocean 


30-50 kilometres thick in continental regions. 

The authors’ data were drawn from the 
EarthScope Transportable Array of seismic 
stations in western North America, with 
additional constraints coming from gravity 
and heat-flow measurements. They used a 
new approach to develop a map of the ratio 
between pressure-wave (v,) and shear-wave 
(vs) propagation velocities in the crust from 
distant earthquakes (see Fig. 3 on page 355). 
On the basis of experimental data’, Lowry and 
Pérez-Gussinyé argue that low values of this 
ratio (v)/v, of about 1.8 or lower) are uniquely 
associated with high concentrations of quartz 
in the crust, a mineral that flows much more 


Figure 1 | Cross-section through zones of active deformation in western North America and the 
stable continental interior. At the left (west) is the subduction zone; at right, the stable continental 
interior. Lowry and Pérez-Gussinyé' find that regions of high inferred quartz content in the lower crust 
(red) correlate well with zones of recent tectonism exemplified by the coastal deformation zones, parts 
of the Basin and Range province and the Rocky Mountains. The thickness of the North American plate 
(crust and rigid uppermost mantle) decreases from more than 200 km in the interior to about 50 km in 
the west as a result of thermal thinning and hydration caused by past and present subduction. 
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readily than other crustal constituents at the 
high temperatures found at depth’. 

The study region is the western Cordillera, 
reaching from the San Andreas fault system in 
California to the Rocky Mountains in Wyo- 
ming and Colorado. The apparent association 
of low v,/v, with zones of recently active plate- 
boundary deformation in this region suggests 
that high abundance of quartz-rich rocks in 
the lower crust, often described as a weak zone 
of jelly in the continental sandwich of crust 
and mantle’, is a key ingredient for initiat- 
ing deformation (Fig. 1). Once a deformation 
zone has been initiated, further weakening by 
rising temperatures and addition of fluids may 
sustain a permanently weak zone over many 
plate-tectonic cycles. Such inherited weakness 
may isolate continental interiors from defor- 
mation and force the repeated reactivation of 
plate-boundary faults during alternating cycles 
of plate divergence and convergence’. 

The method developed by Lowry and 
Pérez-Gussinyé relies on an automated data- 
analysis product’, which calculates bulk crus- 
tal properties (v/v; and crustal thickness, H) 
at several hundreds of seismic stations using 
converted pressure-to-shear-wave arrivals 
resolved on the radial component of motion. 
Those parameters are notoriously difficult to 
estimate accurately because of a well-known 
trade-off between H and v,/v,. To improve the 
resolution of the estimates, the authors use two 
additional constraints from statistical infer- 
ence: optimal spatial interpolation and gravity 
modelling. The model uses gravity anomalies 
to obtain an optimal density structure that fits 
variations in vp/vs, H and additional contribu- 
tions from heat-flow data. The technique thus 
cleverly combines disconnected data sets with 
statistical modelling to significantly improve 
the accuracy of the solution. 

Nevertheless, the method is limited by the 
initial automated solution, which is obtained 
assuming a single-layer, isotropic crust with 
a flat crust-mantle boundary. Any deviation 
from this simple model, produced by non- 
horizontal structure, anisotropy or multiple 
layering, may produce complicated patterns of 
shear-wave arrivals on both radial and trans- 
verse components of motion; when inverted 
for the single-layer crust, interference patterns 
result that can bias the solution. One possible 
improvement to the method would be to use 
transverse-component shear-wave arrivals 
both to evaluate the validity of the single-layer 
crustal model and to help refine it. 

There is some debate on where the strength 
of tectonic plates resides. In the traditional jelly- 
sandwich model of continental plate strength, a 
weak lower crust underlies a strong and brittle 
upper crust and overlies a strong uppermost 
mantle layer*. An alternative view is that the 
uppermost mantle contributes little to conti- 
nental strength in many regions, leaving the 
brittle crust alone to support tectonic stresses’. 

Studies that model geodetically measured 
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caused by a lack of cleavage by caspase-8. 

Little is known about pathways downstream 
of the necrosome. Either reactive oxygen species 
or activation of autophagy through deregu- 
lated metabolism might be essential for the 
completion of programmed necrosis™. It has 
become clear, however, that the various death 
pathways are more closely intertwined than was 
previously thought. The crosstalk between the 
components regulating autophagy’, apoptosis 
and necrosis’ * amply demonstrate that. m 
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readily than other crustal constituents at the 
high temperatures found at depth’. 

The study region is the western Cordillera, 
reaching from the San Andreas fault system in 
California to the Rocky Mountains in Wyo- 
ming and Colorado. The apparent association 
of low v,/v, with zones of recently active plate- 
boundary deformation in this region suggests 
that high abundance of quartz-rich rocks in 
the lower crust, often described as a weak zone 
of jelly in the continental sandwich of crust 
and mantle’, is a key ingredient for initiat- 
ing deformation (Fig. 1). Once a deformation 
zone has been initiated, further weakening by 
rising temperatures and addition of fluids may 
sustain a permanently weak zone over many 
plate-tectonic cycles. Such inherited weakness 
may isolate continental interiors from defor- 
mation and force the repeated reactivation of 
plate-boundary faults during alternating cycles 
of plate divergence and convergence’. 

The method developed by Lowry and 
Pérez-Gussinyé relies on an automated data- 
analysis product’, which calculates bulk crus- 
tal properties (v/v; and crustal thickness, H) 
at several hundreds of seismic stations using 
converted pressure-to-shear-wave arrivals 
resolved on the radial component of motion. 
Those parameters are notoriously difficult to 
estimate accurately because of a well-known 
trade-off between H and v,/v,. To improve the 
resolution of the estimates, the authors use two 
additional constraints from statistical infer- 
ence: optimal spatial interpolation and gravity 
modelling. The model uses gravity anomalies 
to obtain an optimal density structure that fits 
variations in vp/vs, H and additional contribu- 
tions from heat-flow data. The technique thus 
cleverly combines disconnected data sets with 
statistical modelling to significantly improve 
the accuracy of the solution. 

Nevertheless, the method is limited by the 
initial automated solution, which is obtained 
assuming a single-layer, isotropic crust with 
a flat crust-mantle boundary. Any deviation 
from this simple model, produced by non- 
horizontal structure, anisotropy or multiple 
layering, may produce complicated patterns of 
shear-wave arrivals on both radial and trans- 
verse components of motion; when inverted 
for the single-layer crust, interference patterns 
result that can bias the solution. One possible 
improvement to the method would be to use 
transverse-component shear-wave arrivals 
both to evaluate the validity of the single-layer 
crustal model and to help refine it. 

There is some debate on where the strength 
of tectonic plates resides. In the traditional jelly- 
sandwich model of continental plate strength, a 
weak lower crust underlies a strong and brittle 
upper crust and overlies a strong uppermost 
mantle layer*. An alternative view is that the 
uppermost mantle contributes little to conti- 
nental strength in many regions, leaving the 
brittle crust alone to support tectonic stresses’. 

Studies that model geodetically measured 


deformation due to viscous flow of rocks 
induced by large earthquakes in western 
North America indicate that, at these short 
timescales, the lower crust is quite strong, 
whereas the upper mantle below about 50 km 
is much weaker”®. The effective flow strengths 
of the lower crust found in the geodetic stud- 
ies seem too high for the quartz-rich make-up 
suggested by Lowry and Pérez-Gussinyé. On 
the other hand, low, long-term static strength, 
inferred from estimates of effective elastic plate 
thickness of only 10 km or less (see Fig. 4 on 
p- 356), is consistent with a weak lower crust 
in the region. Thus, lower-crustal viscosities 
at very long (millions of years) timescales may 
effectively control the stability of continental 
crust and upper mantle’. 

Is a quartz-rich layer in the crust, only tens 
of kilometres thick, able to initiate break-up of 
acontinental plate originally dominated by a 
strong mantle layer up to 200 km thick’? Lowry 
and Pérez-Gussinyé argue that, following ini- 
tial deformation enabled by the quartz-rich 
crust, the strong mantle layer can be further 
softened by high temperatures and/or fluids 
derived from subducting oceanic plates”, 
leading to the eventual loss or sogginess of the 
bottom slice of the jelly sandwich. Importantly, 
even where the uppermost mantle remains 
stable, as indicated by high estimates of elastic- 
plate thickness, a quartz-weakened lower crust 
can promote tectonic deformation. This may 
have been the case during the most recent tec- 
tonic period of the northern Rocky Mountains 
(Fig. 1), the Laramide orogeny’. 

The validity of the model can be tested when 
similar techniques are applied to different 
tectonic provinces that have experienced suc- 
cessive cycles of supercontinent formation and 
mountain-building. In particular, as Lowry 
and Pérez-Gussinyé suggest, the extension of 
the Transportable Array across older orogens 
in eastern North America during the next two 
years will provide a unique opportunity to test 
the role of quartz in mountain building. m 


Roland Biirgmann and Pascal Audet are 

in the Department of Earth and Planetary 
Science, and the Berkeley Seismological 
Laboratory, University of California, Berkeley, 
California 94720-4767, USA. 

e-mail: burgmann@seismo. berkeley.edu 


1. Lowry, A. R. & Pérez-Gussinyé, M. Nature 471, 
353-359 (2011). 
2. Christensen, N. |. J.Geophys. Res. 101, 3139-3156 
(1996). 
3. Burgmann, R. & Dresen, G. Annu. Rev. Earth Planet. 
Sci. 36, 531-567 (2008). 
4. Chen, W. P. & Molnar, P. J. Geophys. Res. 88, 
4183-4214 (1983). 
5. Audet, P. & Burgmann, R. Nature Geosci. 4, 
184-187 (2011). 
. www.iris.edu/dms/products/ears 
. Jackson, J. GSA Today 12, 4-10 (2002). 
. Thatcher, W. & Pollitz, F. F. GSA Today 18, 4-11 (2008). 
. Yuan, H. & Romanowicz, B. Nature 466, 
1063-1068 (2009). 
10.Dixon, J. E., Dixon, T. H., Bell, D. R. & Malservisi, R. 
Earth Planet. Sci. Lett. 222, 451-467 (2004). 


WOOND 


REPRODUCTIVE BIOLOGY 


NEWS & VIEWS | RESEARCH | 


Progesterone’s gateway 


into sperm 


The hormone progesterone rapidly activates intracellular signalling in human 
sperm, regulating key aspects of their physiology. An ion channel unique to the 
sperm tail seems to relay progesterone’s signal. SEE LETTERS P.382 & P.387 


STEVE PUBLICOVER 
& CHRISTOPHER BARRATT 


he ovarian hormone progesterone 
classically binds to a nuclear receptor, 
initiating gene transcription. But how 
does it stimulate the transcriptionally inactive 
human spermatozoon in preparation for 
fertilization? This question has long both 
fascinated and frustrated reproductive biolo- 
gists. In this issue, Striinker and colleagues’ and 
Lishko et al.” provide an unexpected answer: 
progesterone activates a sperm-specific 
calcium ion (Ca™*) channel called CatSper. 
For a sperm to reach the egg, it must 
penetrate the cumulus oophorus, a thick layer 
around the egg composed of granulosa cells 
embedded in a gelatinous matrix. These 
cells actively synthesize progesterone, such that 
its concentration within the cumulus is in the 
micromolar range. It was first reported more 
than 20 years ago” that progesterone, even at 
concentrations well below those present in 
the cumulus, induces immediate influx into 
human sperm of Ca** — a factor central to 
regulation of sperm function*”. Progester- 
one is therefore believed to have a crucial role 
during the events leading to fertilization’. 
Sperm cells respond to progesterone within 
less than a second, which is characteristic of 
classical signalling pathways that involve 
cell-surface receptors”®. Such non-nuclear 
actions of steroid hormones are quite common. 
In fact, progesterone and its related hormones 
are considered to have two distinct modes of 
action: through intracellular nuclear recep- 
tors, which regulate transcription; and through 
non-genomic receptors, probably at the 
plasma membrane, which regulate ion chan- 
nels, G-protein-coupled receptors and signal- 
ling pathways mediated by kinase enzymes’. 
However, the mechanism of progesterone- 
induced Ca™* influx in sperm has resisted all 
attempts at characterization, with even the 
type of ‘receptor’ let alone the nature of the 
Ca”*-influx pathway, remaining a mystery. 
This has been particularly frustrating because 
the phenomenon is probably of considerable 
clinical significance: in human sperm, fail- 
ure of progesterone-activated Ca” influx is 
correlated with reduced fertility’. 
The solution to this mystery follows directly 


© 2011 Macmillan Publishers Limited. All rights reserved 


from two crucial advances in the field. First, 
in 2001 two groups*” reported the discovery 
of the Ca**-permeable cation channel (Cat- 
Sper), which is expressed only in the plasma 
membrane of a domain in the sperm tail called 
the principal piece. Sperm from genetically 
manipulated mice that cannot express Cat- 
Sper have impaired motility and, crucially, 
cannot display hyperactivation — an extrava- 
gant, highly asymmetric form of flagellar beat- 
ing that is regulated by Ca” and is essential 
for fertilization. CatSper-deficient male mice 
are infertile. 

The second, more recent, advance was the 
development of a method for applying to sperm 
the technique of whole-cell patch clamping, 
which records ionic currents across the entire 
plasma membrane of a cell. Using this tech- 
nique, researchers showed that increased alka- 
linity of the sperm cytoplasm strongly activates 
CatSper channels, promoting Ca” flux into the 
cell. Striinker et al. (page 382) and Lishko and 
colleagues (page 387) now use this power- 
ful technique to elucidate the mechanism by 
which progesterone induces rapid Ca” influx 
into human sperm. 

Progesterone-induced membrane currents 
have identical characteristics to those car- 
ried by CatSper. For instance, the biophysical 
aspects of the currents are indistinguishable, 
with both progesterone and increased intra- 
cellular pH stimulating CatSper by shifting 
its voltage sensitivity so that it opens at lower 
voltages (Fig. 1). What’s more, pharmacologi- 
cal manipulation has the same effects both 
on CatSper currents activated by increasing 
intracellular pH and on those stimulated by 
progesterone; applied together, progesterone 
and increased alkalinity act synergistically’. 

The effect of progesterone on CatSper is 
not simply a nonspecific effect of steroid hor- 
mones: another steroid hormone, oestradiol, 
has no effect on this channel”. However, sev- 
eral prostaglandins — non-protein mediators 
that increase intracellular Ca” concentration 
in human sperm — have strikingly similar 
effects to progesterone. Moreover, Striinker 
and colleagues’ measurements of intracellular 
Ca** concentration in progesterone-stimulated 
sperm showed that compounds that block Cat- 
Sper currents also reduce the progesterone- 
induced rise in Ca** concentration, and that 
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deformation due to viscous flow of rocks 
induced by large earthquakes in western 
North America indicate that, at these short 
timescales, the lower crust is quite strong, 
whereas the upper mantle below about 50 km 
is much weaker”®. The effective flow strengths 
of the lower crust found in the geodetic stud- 
ies seem too high for the quartz-rich make-up 
suggested by Lowry and Pérez-Gussinyé. On 
the other hand, low, long-term static strength, 
inferred from estimates of effective elastic plate 
thickness of only 10 km or less (see Fig. 4 on 
p- 356), is consistent with a weak lower crust 
in the region. Thus, lower-crustal viscosities 
at very long (millions of years) timescales may 
effectively control the stability of continental 
crust and upper mantle’. 

Is a quartz-rich layer in the crust, only tens 
of kilometres thick, able to initiate break-up of 
acontinental plate originally dominated by a 
strong mantle layer up to 200 km thick’? Lowry 
and Pérez-Gussinyé argue that, following ini- 
tial deformation enabled by the quartz-rich 
crust, the strong mantle layer can be further 
softened by high temperatures and/or fluids 
derived from subducting oceanic plates”, 
leading to the eventual loss or sogginess of the 
bottom slice of the jelly sandwich. Importantly, 
even where the uppermost mantle remains 
stable, as indicated by high estimates of elastic- 
plate thickness, a quartz-weakened lower crust 
can promote tectonic deformation. This may 
have been the case during the most recent tec- 
tonic period of the northern Rocky Mountains 
(Fig. 1), the Laramide orogeny’. 

The validity of the model can be tested when 
similar techniques are applied to different 
tectonic provinces that have experienced suc- 
cessive cycles of supercontinent formation and 
mountain-building. In particular, as Lowry 
and Pérez-Gussinyé suggest, the extension of 
the Transportable Array across older orogens 
in eastern North America during the next two 
years will provide a unique opportunity to test 
the role of quartz in mountain building. m 
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the cumulus, induces immediate influx into 
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Sperm cells respond to progesterone within 
less than a second, which is characteristic of 
classical signalling pathways that involve 
cell-surface receptors”®. Such non-nuclear 
actions of steroid hormones are quite common. 
In fact, progesterone and its related hormones 
are considered to have two distinct modes of 
action: through intracellular nuclear recep- 
tors, which regulate transcription; and through 
non-genomic receptors, probably at the 
plasma membrane, which regulate ion chan- 
nels, G-protein-coupled receptors and signal- 
ling pathways mediated by kinase enzymes’. 
However, the mechanism of progesterone- 
induced Ca™* influx in sperm has resisted all 
attempts at characterization, with even the 
type of ‘receptor’ let alone the nature of the 
Ca”*-influx pathway, remaining a mystery. 
This has been particularly frustrating because 
the phenomenon is probably of considerable 
clinical significance: in human sperm, fail- 
ure of progesterone-activated Ca” influx is 
correlated with reduced fertility’. 
The solution to this mystery follows directly 
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from two crucial advances in the field. First, 
in 2001 two groups*” reported the discovery 
of the Ca**-permeable cation channel (Cat- 
Sper), which is expressed only in the plasma 
membrane of a domain in the sperm tail called 
the principal piece. Sperm from genetically 
manipulated mice that cannot express Cat- 
Sper have impaired motility and, crucially, 
cannot display hyperactivation — an extrava- 
gant, highly asymmetric form of flagellar beat- 
ing that is regulated by Ca” and is essential 
for fertilization. CatSper-deficient male mice 
are infertile. 

The second, more recent, advance was the 
development of a method for applying to sperm 
the technique of whole-cell patch clamping, 
which records ionic currents across the entire 
plasma membrane of a cell. Using this tech- 
nique, researchers showed that increased alka- 
linity of the sperm cytoplasm strongly activates 
CatSper channels, promoting Ca” flux into the 
cell. Striinker et al. (page 382) and Lishko and 
colleagues (page 387) now use this power- 
ful technique to elucidate the mechanism by 
which progesterone induces rapid Ca” influx 
into human sperm. 

Progesterone-induced membrane currents 
have identical characteristics to those car- 
ried by CatSper. For instance, the biophysical 
aspects of the currents are indistinguishable, 
with both progesterone and increased intra- 
cellular pH stimulating CatSper by shifting 
its voltage sensitivity so that it opens at lower 
voltages (Fig. 1). What’s more, pharmacologi- 
cal manipulation has the same effects both 
on CatSper currents activated by increasing 
intracellular pH and on those stimulated by 
progesterone; applied together, progesterone 
and increased alkalinity act synergistically’. 

The effect of progesterone on CatSper is 
not simply a nonspecific effect of steroid hor- 
mones: another steroid hormone, oestradiol, 
has no effect on this channel”. However, sev- 
eral prostaglandins — non-protein mediators 
that increase intracellular Ca” concentration 
in human sperm — have strikingly similar 
effects to progesterone. Moreover, Striinker 
and colleagues’ measurements of intracellular 
Ca** concentration in progesterone-stimulated 
sperm showed that compounds that block Cat- 
Sper currents also reduce the progesterone- 
induced rise in Ca** concentration, and that 
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Figure 1 | CatSper and calcium-ion influx. 

a, The CatSper ion channel, which occurs in the 
plasma membrane of the principal-piece domain 
of the sperm tail, allows Ca” influx into these 
cells. New work"” shows that progesterone leads 
to the opening of this channel, probably either 

by binding to it directly or through an associated 
protein; increased intracellular pH has the same 
effect. On opening, CatSper channels allow Ca** 
entry into the cell, which regulates events vital 

for fertilization. b, Opening of CatSper channels 
depends on the electrical difference across the 

cell membrane (the membrane potential) and 
occurs when the cell becomes electrically more 
positive inside. The normal membrane potential 
in sperm (grey bar) is such that nearly all CatSper 
channels are closed (blue line). Both progesterone 
and increased intracellular pH ‘shift’ the electrical 
sensitivity of CatSper so that the channel can open 
at more negative membrane potentials (red trace). 


stringent buffering of this ion in the external 
medium abolishes the response to progester- 
one’. Intriguingly, the efficacy of progesterone 
is increased by in vitro manipulations designed 
to induce sperm capacitation (a crucial matu- 
ration process that naturally occurs in the 
female reproductive tract before fertilization). 

The non-genomic action of progesterone 
is much more potent in human sperm than 
in mouse sperm”. But why? Lishko and col- 
leagues show that, at the intracellular pH of 7.0 
(a value within the physiological range), mouse 
spermatozoa show notable CatSper currents, 
whereas human sperm show a much smaller 
current. On applying progesterone to human 
sperm, the current increases to a level closely 
resembling that in mouse sperm, but in mouse 
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sperm stimulation with this hormone leads 
to no further increase in current’. It seems, 
therefore, that in human sperm, progesterone 
induces a modulation of CatSper function that 
in mouse sperm is constitutive (at least under 
the conditions used in these experiments). 
This is potentially a crucial species difference 
in sperm regulation within the female repro- 
ductive tract. 

The two papers also present a much clearer 
idea of how progesterone exerts its effect by 
modulating CatSper. Lishko et al.’ could 
record progesterone-induced currents even 
in isolated sperm tails, which precludes indi- 
rect effects of progesterone exerted through 
receptors on the sperm head. Furthermore, 
Striinker et al.’ provide compelling evidence 
that progesterone does not stimulate synthe- 
sis of the signalling molecule cyclic AMP, and 
they couldn't detect any effects of manipulat- 
ing cAMP levels on Ca™ influx through the 
sperm membrane. These observations rule out 
involvement of the cAMP-protein kinase A 
signalling cascade in the progesterone—CatSper 
response. 

The new data also suggest that progesterone 
directly activates CatSper, by binding either to 
the channel itself or to an associated subunit(s). 
Whether CatSper activation is the only effect 
of progesterone on Ca’*-signalling in human 
sperm remains to be seen. Several previous 
studies have attempted to identify progester- 
one receptors®. Both novel receptors and trun- 
cated versions of the classical (nuclear-type) 
receptors (some of these apparently localized 
to the sperm head) were proposed to medi- 
ate the effects of this hormone. Although such 
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receptors almost certainly do not contribute 
to the modulation of CatSper reported here, 
it is noteworthy that completely blocking Cat- 
Sper currents inhibits — but does not abolish 
— the effect of progesterone on intracellular 
Ca” levels’. 

Mobilization of intracellular Ca” stores, 
leading to complex Ca” signalling, occurs in 
progesterone-stimulated human sperm’. Is this 
purely a downstream effect of CatSper activa- 
tion or does progesterone activate a separate 
pathway? Are store-controlled Ca”* channels 
involved? These two studies’” provide exciting 
insights, and there is more to come. ™ 
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The secret of the 


hourglass 


The finding that a cobalt oxide insulator’s magnetism is similar to that of 
cuprate superconductors lends support to the popular but contentious idea that 
stripe-like electronic order is present in the latter materials. SEE LETTER P.341 


JAN ZAANEN 


ne hundred years after its discovery, 
superconductivity is still an active field 
of research. On page 341 of this issue, 
Boothroyd et al.’ describe experimental results 
onan insulating material that offer insight into 
the physics of one of the most intriguing fami- 
lies of superconductors — the copper oxides, 
or cuprates. 
Conventional superconductivity — that 
which occurs in simple metals such as lead 
and aluminium — was explained back in 
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1957 by Bardeen, Cooper and Schrieffer, 
in what is known as the BCS theory’. But in 
1986, a different, high-temperature form of 
superconductivity was discovered in com- 
plex cuprates*. This discovery rumbled like 
an earthquake through the physics commu- 
nity, because the superconducting transition 
temperatures (T.), below which these mater- 
ials conduct electricity without resistance, 
were much too high to be explained by BCS 
theory. What causes superconductivity in the 
cuprates is still much of a mystery, but intensive 
research has shown that the ground rules of 
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Figure 1 | CatSper and calcium-ion influx. 

a, The CatSper ion channel, which occurs in the 
plasma membrane of the principal-piece domain 
of the sperm tail, allows Ca” influx into these 
cells. New work"” shows that progesterone leads 
to the opening of this channel, probably either 

by binding to it directly or through an associated 
protein; increased intracellular pH has the same 
effect. On opening, CatSper channels allow Ca** 
entry into the cell, which regulates events vital 

for fertilization. b, Opening of CatSper channels 
depends on the electrical difference across the 

cell membrane (the membrane potential) and 
occurs when the cell becomes electrically more 
positive inside. The normal membrane potential 
in sperm (grey bar) is such that nearly all CatSper 
channels are closed (blue line). Both progesterone 
and increased intracellular pH ‘shift’ the electrical 
sensitivity of CatSper so that the channel can open 
at more negative membrane potentials (red trace). 


stringent buffering of this ion in the external 
medium abolishes the response to progester- 
one’. Intriguingly, the efficacy of progesterone 
is increased by in vitro manipulations designed 
to induce sperm capacitation (a crucial matu- 
ration process that naturally occurs in the 
female reproductive tract before fertilization). 

The non-genomic action of progesterone 
is much more potent in human sperm than 
in mouse sperm”. But why? Lishko and col- 
leagues show that, at the intracellular pH of 7.0 
(a value within the physiological range), mouse 
spermatozoa show notable CatSper currents, 
whereas human sperm show a much smaller 
current. On applying progesterone to human 
sperm, the current increases to a level closely 
resembling that in mouse sperm, but in mouse 
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sperm stimulation with this hormone leads 
to no further increase in current’. It seems, 
therefore, that in human sperm, progesterone 
induces a modulation of CatSper function that 
in mouse sperm is constitutive (at least under 
the conditions used in these experiments). 
This is potentially a crucial species difference 
in sperm regulation within the female repro- 
ductive tract. 

The two papers also present a much clearer 
idea of how progesterone exerts its effect by 
modulating CatSper. Lishko et al.’ could 
record progesterone-induced currents even 
in isolated sperm tails, which precludes indi- 
rect effects of progesterone exerted through 
receptors on the sperm head. Furthermore, 
Striinker et al.’ provide compelling evidence 
that progesterone does not stimulate synthe- 
sis of the signalling molecule cyclic AMP, and 
they couldn't detect any effects of manipulat- 
ing cAMP levels on Ca™ influx through the 
sperm membrane. These observations rule out 
involvement of the cAMP-protein kinase A 
signalling cascade in the progesterone—CatSper 
response. 

The new data also suggest that progesterone 
directly activates CatSper, by binding either to 
the channel itself or to an associated subunit(s). 
Whether CatSper activation is the only effect 
of progesterone on Ca’*-signalling in human 
sperm remains to be seen. Several previous 
studies have attempted to identify progester- 
one receptors®. Both novel receptors and trun- 
cated versions of the classical (nuclear-type) 
receptors (some of these apparently localized 
to the sperm head) were proposed to medi- 
ate the effects of this hormone. Although such 
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receptors almost certainly do not contribute 
to the modulation of CatSper reported here, 
it is noteworthy that completely blocking Cat- 
Sper currents inhibits — but does not abolish 
— the effect of progesterone on intracellular 
Ca” levels’. 

Mobilization of intracellular Ca” stores, 
leading to complex Ca” signalling, occurs in 
progesterone-stimulated human sperm’. Is this 
purely a downstream effect of CatSper activa- 
tion or does progesterone activate a separate 
pathway? Are store-controlled Ca”* channels 
involved? These two studies’” provide exciting 
insights, and there is more to come. ™ 
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ne hundred years after its discovery, 
superconductivity is still an active field 
of research. On page 341 of this issue, 
Boothroyd et al.’ describe experimental results 
onan insulating material that offer insight into 
the physics of one of the most intriguing fami- 
lies of superconductors — the copper oxides, 
or cuprates. 
Conventional superconductivity — that 
which occurs in simple metals such as lead 
and aluminium — was explained back in 
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1957 by Bardeen, Cooper and Schrieffer, 
in what is known as the BCS theory’. But in 
1986, a different, high-temperature form of 
superconductivity was discovered in com- 
plex cuprates*. This discovery rumbled like 
an earthquake through the physics commu- 
nity, because the superconducting transition 
temperatures (T.), below which these mater- 
ials conduct electricity without resistance, 
were much too high to be explained by BCS 
theory. What causes superconductivity in the 
cuprates is still much of a mystery, but intensive 
research has shown that the ground rules of 


the quantum physics governing the electron 
systems in the cuprates are very different from 
those of conventional systems: in contrast to 
the featureless quantum gas formed by the 
electrons in conventional superconductors, 
the high-T. electrons seem to form highly 
organized types of ‘quantum matter} exhib- 
iting a richness of electronic behaviour that 
challenges even the diversity found in classical 
complex fluids*, 

With their unique ability to measure how 
the magnetic properties of this ‘electron 
stuff’ fluctuate in time, experiments based on 
the scattering of neutrons have played a key 
part in discerning some of the signatures of 
the cuprates’ electron quantum matter. Such 
measurements revealed that these magnetic 
fluctuations behave in a peculiarly organized 
manner, nicknamed the hourglass spectrum 
(Fig. 1). Boothroyd et al.’ now demonstrate 
that the magnetic fluctuations in an insulat- 
ing material, for which it is established that the 
electrons freeze out in a complex ‘stripe’ pat- 
tern, look very similar to those of the cuprates, 
thereby supporting the popular but controver- 
sial idea that such stripes are also present in 
superconducting cuprates — although in a 
quantum ‘dynamical’ form’, 

In conventional superconductors, elec- 
tronic quantum zero-point motions dominate 
to such a degree that the electrons form a 
nearly featureless quantum gas, just leaving 
room for the formation of the electron pairs 
that, according to BCS theory, are responsi- 
ble for superconductivity~. Such pairs are also 
formed in the cuprates, albeit in a mysteriously 
sturdy form. But there is much more going on 
in these materials. A large body of experimen- 
tal work has shown that the cuprates’ high-T, 
superconducting state seems to coexist’, toa 
greater or lesser degree, with a wealth of exotic 
quantum organizational phenomena, includ- 
ing static and dynamical stripes, spontaneous 
‘diamagnetic currents, and quantum nematics 
(quantum versions of the liquid crystals used 
in liquid-crystal displays). 

Among these exotic forms of electronic 
order, the stripes have a special status because 
they were the first to be identified — in fact 
as a surprising output® of computer simula- 
tions that I generated as a young postdoc in 
1987. This story starts with the particulars of 
Cu ions’, having the effect that the electrons 
in the copper oxide lattice repel each other 
much more strongly than in conventional 
superconductors. Asa result, the cuprate elec- 
tron world is more like traffic on a congested 
highway than like the ‘quantum fog’ of conven- 
tional metals. In the stoichiometric cuprates, 
the electron-traffic density is so high that the 
traffic jams completely, forming what is known 
as a Mott insulator. To get the electrons mov- 
ing, some of them are removed by chemical 
doping, and one enters an ‘underdoped’ regime 
of quantum mechanical stop-and-go traffic — 
and here the exotic orders emerge. 


a Cobalt oxide insulator 
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Figure 1 | The hourglass magnetic spectrum. a, Boothroyd et al.' find that the collective magnetic 
‘vibrations’ (spin waves) in a cobalt oxide insulator have an hourglass shape when plotted as a function 
of their energy and inverse wavelengths (k,, k,); the colours indicate the intensity of the spin waves as 
measured from neutron scattering. b, In the superconducting copper oxides, the neutron-scattering 
results display a very similar shape, except that at low energies a gap appears that is indicative of a 
collective quantum melting of stripe-like electronic order’. (Graphic based on a sketch by A. Boothroyd.) 


By dismissing all collective electronic quan- 
tum fluctuations, the physics of such dense 
quantum traffic can be computed, and my 
calculations® showed that the electron traf- 
fic spontaneously forms complex patterns, 
which we nicknamed stripes. These consist 
of ‘rivers, in which the electron motions are 
relatively free, separated by domains in which 
the traffic continues to be completely jammed. 
The electron spins in this stripe phase interact 
through short-range quantum fluctuations, 
which cause the spins to freeze out in a special 
‘incommensurate’ antiferromagnetic order: 
within the insulating domains, the orienta- 
tion of the spin of each electron is opposite to 
those of its neighbours, and the rivers act as 
‘domain walls in this antiferromagnet. Disap- 
pointingly, in the cuprates, my computations 
insisted that this static stripe phase should 
insulate instead of superconduct. But this 
turned out to have been a blessing in disguise 
when it became gradually clear in the 1990s 
that the static stripes explain why doped Mott 
insulating oxides that do not contain cop- 
per as a rule form insulators: invariably, their 
electrons freeze in the sturdy stripes of my 
computer code. 
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Starting from the mid-1990s, evidence 
accumulated that stripes might also have 
a role in the cuprates, albeit in a ‘dynami- 
cal’ way that is not that well understood: 
in underdoped superconducting cuprates, 
stripes would be present in the form of strong 
correlations at short timescales, but at longer 
timescales they would fall prey to a quantum 
melting driven by collective quantum fluctua- 
tions**. Consistent with this hypothesis, it was 
found that stripes become static only in some 
special cases’, and that static stripes have a 
detrimental effect on superconductivity. Neu- 
tron-scattering experiments were pivotal in 
collecting that evidence. These experiments 
measure spin fluctuations in the materials as 
a function of their energy and of their wave- 
number (inverse wavelength), and in this 
energy-wavenumber space the spin-fluctu- 
ation spectrum of the underdoped cuprates 
is shaped like an hourglass (Fig. 1). It was 
argued’ that this could be explained in terms 
of collective ‘vibrations’ (spin waves) of the 
stripe-phase incommensurate antiferromag- 
netic order, except that at low energies a gap 
appears in this spectrum that was interpreted 
as the signature of the collective quantum 
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melting of the stripe phase as a whole. 
However, an equally credible case was made® 
that the hourglass spectrum could instead 
be explained in terms of spin excitations in 
a rather weakly interacting gas of itinerant 
electrons, and a debate regarding the inter- 
pretation of the hourglass spectrum evolved 
that rages up to the present day. All along, the 
problem for the dynamical-stripe interpreta- 
tion was that the modelling of the spin waves 
involved a lot of assumptions. In this regard, 
Boothroyd and colleagues’ study' makes a big 
difference. The authors perform a neutron- 
scattering experiment on a material that falls 
outside the family of cuprate superconductors 
—acobalt oxide insulator — and that is known 
to display stripes’ ina simple static form’. They 
show that the material exhibits an hourglass 
spin-fluctuation spectrum (Fig. la) strikingly 
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similar to that of the cuprates (Fig. 1b); the only 
difference is seen at low energies, where the 
cuprate ‘quantum gap is absent in the cobalt 
oxide. This similarity lends support to the 
hypothesis that the hourglass spin-fluctua- 
tion spectrum in the cuprate superconductors 
arises from dynamical stripes*”. 

Boothroyd and colleagues’ results arrive at 
a time when the reality of complex quantum 
matter in underdoped cuprates is becoming 
mainstream wisdom. Perhaps we already know 
so much about these materials that research 
should be refocused on the greatest mystery 
of all*: that increased levels of doping make 
the complex quantum stuff gradually fade 
away, and that the best superconductors 
are found at the point where the electron 
traffic starts to resemble the quantum fog of 
the simple metals. m 


Cancer lessons from 
mice to humans 


New clinical trials report the efficacy of two mechanism-based therapies for 
treating human pancreatic neuroendocrine tumours. Studies in mouse models 
have contributed to these success stories, and continue to do so. 


DAVID TUVESON & DOUGLAS HANAHAN 


dvances in cancer medicine have reset 

our clinical and social expectations: 

the aim now is to effectively combat 
formidable tumours — an effort that was pre- 
viously deemed improbable. Writing in The 
New England Journal of Medicine, Raymond 
et al.’ and Yao et al.” report phase III clini- 
cal trials of two drugs that target distinctive 
cancer-associated signalling pathways. The 
results suggest an impressive efficacy of both 
drugs (sunitinib and everolimus) for treating 
pancreatic neuroendocrine tumours. It is 
therefore likely that these drugs, which are 
already standard treatments for other cancers, 
will become the first new approvals in 25 years 
by the US Food and Drug Administration 
(FDA) for treating these cancers, a remarkable 
milestone. 

Pancreatic neuroendocrine tumours 
(PNET) are uncommon, but difficult to diag- 
nose and treat. These cancers, which originate 
from the hormone-producing pancreatic islet 
cells, stand in stark contrast to another type 
of pancreatic cancer, pancreatic ductal adeno- 
carcinoma, which is much more prevalent 
and deadly: a larger proportion of patients 
with PNET undergo surgical excision, and the 
clinical course of the disease is highly variable. 
Nonetheless, patients with advanced PNET 
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who are not candidates for surgery have a ter- 
minal illness, and their tumours are difficult to 
manage; the FDA-approved chemotherapeu- 
tic agent streptozotocin shows only modest 
activity in these patients. 

A vast number of potential anticancer 
drugs are currently in the pipelines of bio- 
pharmaceutical companies. Indeed, the scope 
of mechanism-based targeting is broad, often 
with several potential drugs affecting the same 
target. Consequently, it is challenging to decide 
which targets and candidate drugs might 
be of value in particular forms of human 
cancer, especially those that are rare but 
deadly like PNET. There is growing optimism 
that genetically engineered mouse models, 
which can mimic the progression of specific 
types of human cancer at the genomic and tis- 
sue levels, can contribute to this prioritization’ : 
The hope is that preclinical trials of candidate 
drugs in representative mouse models could 
help to motivate and guide clinical trials of tar- 
geted therapies in the related human tumours 
(Fig. 1). The two new papers’” reflect proof of 
this concept. 

The mouse model of PNET, called RIP- 
Tag2, shows similar tissue-level features to 
the human tumours*. However, the cancer in 
the animal does not follow the same — cur- 
rently obscure’ — initiating events that lead 
to human PNET; it is instead driven by a 
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Figure 1 | Linking preclinical and clinical 
trials. (1) Preclinical trials on cohorts of 

mice engineered to develop a particular type 

of cancer are a good starting point for evaluating 
mechanism-based drugs. (2) If the mice show 
detectable therapeutic benefits, such as increased 
survival and/or tumour shrinkage, the preclinical 
trials can motivate and guide the design of 
clinical trials in the same type of cancer. 

(3) Clinical benefit, such as tumour shrinkage, 
increased progression-free-survival and overall 
survival, can justify drug approval for clinical 
use. (4) Relapses and clinical failures, however, 
can be translated back into refined preclinical 
trials aiming to understand and circumvent 

the limitation. 


viral oncogene that abrogates the function of 
two generic tumour-suppressor pathways 
commonly lost in human tumours. 
Preclinical trials in this model had predicted 
that both sunitinib, a pan-specific inhibitor of 
tyrosine-kinase enzymes, and everolimus, 
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melting of the stripe phase as a whole. 
However, an equally credible case was made® 
that the hourglass spectrum could instead 
be explained in terms of spin excitations in 
a rather weakly interacting gas of itinerant 
electrons, and a debate regarding the inter- 
pretation of the hourglass spectrum evolved 
that rages up to the present day. All along, the 
problem for the dynamical-stripe interpreta- 
tion was that the modelling of the spin waves 
involved a lot of assumptions. In this regard, 
Boothroyd and colleagues’ study' makes a big 
difference. The authors perform a neutron- 
scattering experiment on a material that falls 
outside the family of cuprate superconductors 
—acobalt oxide insulator — and that is known 
to display stripes’ ina simple static form’. They 
show that the material exhibits an hourglass 
spin-fluctuation spectrum (Fig. la) strikingly 
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similar to that of the cuprates (Fig. 1b); the only 
difference is seen at low energies, where the 
cuprate ‘quantum gap is absent in the cobalt 
oxide. This similarity lends support to the 
hypothesis that the hourglass spin-fluctua- 
tion spectrum in the cuprate superconductors 
arises from dynamical stripes*”. 

Boothroyd and colleagues’ results arrive at 
a time when the reality of complex quantum 
matter in underdoped cuprates is becoming 
mainstream wisdom. Perhaps we already know 
so much about these materials that research 
should be refocused on the greatest mystery 
of all*: that increased levels of doping make 
the complex quantum stuff gradually fade 
away, and that the best superconductors 
are found at the point where the electron 
traffic starts to resemble the quantum fog of 
the simple metals. m 


Cancer lessons from 
mice to humans 


New clinical trials report the efficacy of two mechanism-based therapies for 
treating human pancreatic neuroendocrine tumours. Studies in mouse models 
have contributed to these success stories, and continue to do so. 


DAVID TUVESON & DOUGLAS HANAHAN 


dvances in cancer medicine have reset 

our clinical and social expectations: 

the aim now is to effectively combat 
formidable tumours — an effort that was pre- 
viously deemed improbable. Writing in The 
New England Journal of Medicine, Raymond 
et al.’ and Yao et al.” report phase III clini- 
cal trials of two drugs that target distinctive 
cancer-associated signalling pathways. The 
results suggest an impressive efficacy of both 
drugs (sunitinib and everolimus) for treating 
pancreatic neuroendocrine tumours. It is 
therefore likely that these drugs, which are 
already standard treatments for other cancers, 
will become the first new approvals in 25 years 
by the US Food and Drug Administration 
(FDA) for treating these cancers, a remarkable 
milestone. 

Pancreatic neuroendocrine tumours 
(PNET) are uncommon, but difficult to diag- 
nose and treat. These cancers, which originate 
from the hormone-producing pancreatic islet 
cells, stand in stark contrast to another type 
of pancreatic cancer, pancreatic ductal adeno- 
carcinoma, which is much more prevalent 
and deadly: a larger proportion of patients 
with PNET undergo surgical excision, and the 
clinical course of the disease is highly variable. 
Nonetheless, patients with advanced PNET 
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who are not candidates for surgery have a ter- 
minal illness, and their tumours are difficult to 
manage; the FDA-approved chemotherapeu- 
tic agent streptozotocin shows only modest 
activity in these patients. 

A vast number of potential anticancer 
drugs are currently in the pipelines of bio- 
pharmaceutical companies. Indeed, the scope 
of mechanism-based targeting is broad, often 
with several potential drugs affecting the same 
target. Consequently, it is challenging to decide 
which targets and candidate drugs might 
be of value in particular forms of human 
cancer, especially those that are rare but 
deadly like PNET. There is growing optimism 
that genetically engineered mouse models, 
which can mimic the progression of specific 
types of human cancer at the genomic and tis- 
sue levels, can contribute to this prioritization’ : 
The hope is that preclinical trials of candidate 
drugs in representative mouse models could 
help to motivate and guide clinical trials of tar- 
geted therapies in the related human tumours 
(Fig. 1). The two new papers’” reflect proof of 
this concept. 

The mouse model of PNET, called RIP- 
Tag2, shows similar tissue-level features to 
the human tumours*. However, the cancer in 
the animal does not follow the same — cur- 
rently obscure’ — initiating events that lead 
to human PNET; it is instead driven by a 
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Figure 1 | Linking preclinical and clinical 
trials. (1) Preclinical trials on cohorts of 

mice engineered to develop a particular type 

of cancer are a good starting point for evaluating 
mechanism-based drugs. (2) If the mice show 
detectable therapeutic benefits, such as increased 
survival and/or tumour shrinkage, the preclinical 
trials can motivate and guide the design of 
clinical trials in the same type of cancer. 

(3) Clinical benefit, such as tumour shrinkage, 
increased progression-free-survival and overall 
survival, can justify drug approval for clinical 
use. (4) Relapses and clinical failures, however, 
can be translated back into refined preclinical 
trials aiming to understand and circumvent 

the limitation. 


viral oncogene that abrogates the function of 
two generic tumour-suppressor pathways 
commonly lost in human tumours. 
Preclinical trials in this model had predicted 
that both sunitinib, a pan-specific inhibitor of 
tyrosine-kinase enzymes, and everolimus, 


which inhibits another kinase, mTOR, would 
be effective in treating human PNET. Several 
studies®® showed that sunitinib, and other 
kinase inhibitors that target signalling associ- 
ated with angiogenesis through receptors for 
the growth factors VEGF and PDGF (thus 
inhibiting angiogenesis), cause tumour shrink- 
age. Sunitinib also produced increased survival 
in the animal studies. These results motivated 
Raymond and colleagues to perform two 
phase II trials”'? and now the phase III trial’ 
of sunitinib in patients with PNET (Box 1). 
Similarly, a separate study" reported the 
efficacy of another mTOR inhibitor, rapamy- 
cin, in treating PNET in the mouse model, 
presaging the clinical success of everolimus, 
a refined mTOR inhibitor, which Yao et al.” 
now describe. 

Although drug efficacies seen in the pre- 
clinical trials were encouraging, the trials also 
revealed limitations — in tumour shrink- 
age and long-term survival of the mice — 
that may well influence how these drugs are 
most effectively used to treat human PNET. 
Yao and colleagues also find that, whereas 
everolimus delays time to progression of the 
disease (progression-free survival), it seem- 
ingly does not increase overall survival rates. 
This trial is still ongoing, however, so the 
lack of effect on overall survival is not yet 
conclusive. 

Pertinent to this clinical observation is an 
intriguing result with translational poten- 
tial from preclinical trials of rapamycin in 
the mouse model of PNET. Rapamycin on 
its own produced only a modest overall sur- 
vival benefit, and the animals also showed 
evidence of rapamycin resistance following 
treatment, in the form of regrowth of the 
previously responding tumours’. But when 
rapamycin was given in combination with 
another approved drug — erlotinib, which 
inhibits the growth factor receptor EGFR — 
the animals’ overall survival rate improved 
significantly and there was a decrease in 
relapse during treatment"’. 

These outcomes in the PNET mouse model 
are consistent with the possibly limited over- 
all survival of patients with PNET following 
treatment with everolimus only’. The preclini- 
cal results therefore encourage clinical trials on 
everolimus in combination with erlotinib (or 
with other drugs that target downstream effec- 
tors in the same signalling pathway). A small 
clinical trial’? combining the two drugs to treat 
PNET is already under way. 

For sunitinib, the tumour shrinkage and 
increased overall survival seen in preclini- 
cal trials® are recapitulated in the human 
trial: Raymond et al.' report improved both 
progression-free survival and overall sur- 
vival after administration of this drug. But, as 
with everolimus, preclinical trials revealed 
limitations to the effectiveness of sunitinib 
in the form of adaptive resistance in PNET. 
In other words, faced with sunitinib’s potent 
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A closer look at the trials 


Both trials!” enrolled patients with advanced 
pancreatic neuroendocrine tumours (PNET) 
who had already received much treatment 
(including surgery and chemotherapy). 

Raymond et a/.t compared the response 
of 86 randomly selected patients given 
sunitinib with that of 85 control patients on a 
placebo drug. Neither the patients nor their 
doctors were aware of who was receiving 
which treatment — a double-blind trial. 

The median tumour-progression- 
free survival of patients on sunitinib 
(11.4 months) was appreciably longer 
than that of the control group (5.5 months). 
Moreover, patients treated with sunitinib 
showed early signs of an increase in overall 
survival. The side effects were typical of 
previous experience with sunitinib and 
included gastrointestinal disturbances 
and fatigue. 

Yao and colleagues* compared the 
response of 207 randomly selected patients 
on everolimus with that of 203 patients who 
received only the best supportive care. In this 
study, the patients and their physicians were 
aware of the treatment used, with patients 


effect in blocking angiogenesis, the tumours 
not only adapt after a period of shrinkage, 
but also survive the treatment better, induc- 
ing alternative pro-angiogenic signalling 
circuits'* and becoming more invasive and 
metastatic®; this reflects a phenomenon 
seen in other preclinical models as well as in 
clinical trials’*""*. 

The mouse data therefore predict eventual 
failure of therapy with sunitinib alone, and 
should motivate preclinical and clinical trials 
to circumvent the evasive resistance — an iter- 
ative and bidirectional process of translational 
therapeutic oncology. 

The clinical results with everolimus and 
sunitinib’” are landmarks for treating PNET. 
The approach that led to this — aligned pre- 
clinical trials in a representative mouse model 
and human clinical trials — could also be used 
to test the efficacy of other anticancer drugs 
and may well replicate this success story. 
Indeed, this approach heralds a future in which 
preclinical trials in genetically engineered 
mouse models, and in other representative 
animal models, could guide the development 
of more effective therapies for human cancers, 
revealing efficacy, beneficial drug combi- 
nations and (potentially surmountable) 
mechanisms of resistance. 
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who were receiving only supportive care 
having the option to switch to everolimus 
if their cancer progressed. Nonetheless, 
all patients were classified by the 
treatment they initially received (intention 
to treat). 

Everolimus was beneficial, extending 
the median time of progression from 
4.6 months to 11 months. The incidence of 
rash, gastrointestinal disturbances, fatigue, 
anaemia and infections was higher in 
patients treated with this drug, but these 
side effects were largely manageable. 
Although no increase in overall survival of 
patients treated with everolimus was noted, 
this conclusion is tentative because of the 
cross-over of patients and the continuance 
of the trial for the best responders to 
everolimus. 

It should be determined whether these 
treatments are also beneficial to other 
groups of patients with PNET, including 
those who have just had surgery, those 
who have early-stage disease and those 
who were marginally too ill to qualify for 
these trials!”. D.T. & DH. 
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Single-spin addressing in an atomic Mott 


insulator 


Christof Weitenberg', Manuel Endres', Jacob F. Sherson'+, Marc Cheneau', Peter Schaufs!, Takeshi Fukuhara', Immanuel Bloch)? 


& Stefan Kuhr'! 


Ultracold atoms in optical lattices provide a versatile tool with which to investigate fundamental properties of quantum 
many-body systems. In particular, the high degree of control of experimental parameters has allowed the study of many 
interesting phenomena, such as quantum phase transitions and quantum spin dynamics. Here we demonstrate how such 
control can be implemented at the most fundamental level of a single spin at a specific site of an optical lattice. Using a 
tightly focused laser beam together with a microwave field, we were able to flip the spin of individual atoms in a Mott 
insulator with sub-diffraction-limited resolution, well below the lattice spacing. The Mott insulator provided us with a 
large two-dimensional array of perfectly arranged atoms, in which we created arbitrary spin patterns by sequentially 
addressing selected lattice sites after freezing out the atom distribution. We directly monitored the tunnelling quantum 
dynamics of single atoms in the lattice prepared along a single line, and observed that our addressing scheme leaves the 
atoms in the motional ground state. The results should enable studies of entropy transport and the quantum dynamics of 
spin impurities, the implementation of novel cooling schemes, and the engineering of quantum many-body phases and 


various quantum information processing applications. 


The ability to observe and control the position of single atoms on a 
surface of a solid by means of scanning tunnelling and atomic force 
microscopy has revolutionized the field of condensed matter physics”. 
In few-atom systems, coherent control of single particles in, for 
example, an ion chain, has proven crucial for the implementation of 
high-fidelity quantum gates and the readout of individual qubits in 
quantum information processing’. Bringing such levels of control to 
the regime of large-scale many-body systems has been a long-standing 
goal in quantum physics. In the context of ultracold atoms in optical 
lattices, a major challenge has been to combine degenerate atomic 
samples with single-site addressing resolution and single-atom sensi- 
tivity. This full control is essential for many applications in condensed 
matter physics, such as the study of spin impurities* and quantum spin 
dynamics**® within quantum magnetism, entropy transport, the imple- 
mentation of novel cooling schemes’® or digital quantum simulations 
based on Rydberg atoms’. For scalable quantum information proces- 
sing, a Mott insulator with unity filling provides a natural quantum 
register with several hundreds of qubits. In order to exploit the full 
potential of such a large-scale system for quantum computation, coher- 
ent manipulation of individual spins is indispensable, both within a 
circuit-based’® or a one-way quantum computer architecture'’”’. 

The quest to address atoms on single sites of an optical lattice has a 
long history”’*”. In one dimension, single-site addressing has been 
accomplished optically in a long-wavelength lattice”’, in which however 
tunnelling was completely suppressed, and also by using magnetic 
resonance techniques in a sparsely filled short-wavelength lattice**”. 
In two dimensions, an electron beam has been used to depopulate sites 
of a Bose-Einstein condensate loaded into an array of potential tubes, 
each containing up to 80 atoms”®. In this case, coherent spin manipula- 
tion was not possible and the readout was done by averaging over more 
than 100 single images. None of the experiments so far have shown 
single-atom spin control in strongly correlated systems together with 
high fidelity single-atom detection. 


Here we report the achievement of this goal, by demonstrating 
single-site-resolved addressing and control of the spin states of indi- 
vidual atoms in a Mott insulator in an optical lattice. The Mott insu- 
lator provided us with an almost perfect initial two-dimensional array 
of atoms in the same spin state. Apart from a few thermal defects, each 
lattice site contained a single atom in its motional ground state’””®. 
Using a tightly focused laser beam, we introduced a controlled differ- 
ential energy shift between two atomic spin states at a given lattice site. 
Microwave radiation resonant with this shifted transition then 
allowed us to selectively address the spin of a single atom””” with high 
fidelity. We thereby obtained sub-diffraction-limited spatial resolu- 
tion well below the lattice spacing. By moving the addressing laser 
beam to different lattice sites and by inducing spin-flips in the Mott 
insulator, we were able to deterministically create arbitrary two- 
dimensional spin patterns of individual atoms, thereby realizing a 
scalable single-atom source””*’. Furthermore, we investigated how 
much our single-spin manipulation affects the motional state of the 
atoms by directly monitoring the tunnelling dynamics of single atoms 
after addressing them. Averaging over several snapshots after differ- 
ent tunnelling times, we fully reconstructed the characteristic spatial 
probability distribution of the single-atom wavefunction and its 
coherent evolution over more than 20 lattice sites. We were able to 
discriminate the dynamics of the atoms in the zeroth and in the first 
band and found that most of the atoms remained in the motional 
ground state after addressing. 


Experimental set-up 

In our experiments, we prepared a two-dimensional sample of ultracold 
87Rb atoms inan optical lattice, confined ina single antinode ofa vertical 
standing wave along the z direction. Two pairs of counterpropagating 
laser beams (wavelength A = 1,064nm) along the horizontal x and y 
directions provided a square lattice with period of a4 = 4/2 = 532 nm 
(for details, see ref. 28). Starting from a Bose-Einstein condensate, we 
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raised the potential in the x and y lattice axes within 75 ms to values of 
Vy = 23(2) E, (the number in parenthesis denotes the 1o uncertainty of 
the last digit), where E, = h?/(2m4?) is the recoil energy, and m denotes 
the atomic mass of *’Rb. In this way, the interaction energy of the 
particles with respect to their kinetic energy was increased such that 
the system undergoes a quantum phase transition to a Mott insulating 
state****, Owing to the external harmonic confinement, the Mott insu- 
lator exhibits a shell structure with fixed integer atom numbers increas- 
ing in a step-like manner from the outer regions of the system to the 
inner core**”*. The initial state for all experiments presented here was a 
single shell with only one atom per lattice site, which in our system was 
realized for atom numbers smaller than ~400. 

We detected the atoms using fluorescence imaging via a high- 
resolution microscope objective with numerical aperture of NA = 0.68. 
An optical molasses induced fluorescence light and simultaneously laser- 
cooled the atoms. Light-assisted collisions lead to rapid losses of atom 
pairs, such that we only detected the atom number modulo two (that is, 
either zero or one atom) on each lattice site?”**. With about 5,000 
collected photons per atom, we identified individual atoms in the 
lattice with an excellent signal-to-noise ratio. Even in the regions of 
high atomic density, we determined the presence or absence ofan atom 
for each lattice site with >99.5% fidelity using a special reconstruction 
algorithm”. 


Addressing single lattice sites 

In order to address the atoms in the lattice, we used an off-resonant 
laser beam focused by the high-resolution imaging system onto indi- 
vidual lattice sites (Fig. 1). The laser beam causes a differential light 
shift of the two relevant hyperfine levels |0) = |F = 1, mp = —1) and 
|1) = |F = 2, mp = —2) and tunes the addressed atom into resonance 
with an external microwave field at ~6.8GHz. The o -polarized 
addressing beam had a wavelength of 787.55nm, between the D; 
and D, lines of *’Rb, in order to obtain a large differential light shift 
between the two hyperfine levels. For perfect o -polarization, this 
‘magic’ wavelength generates a light shift only for state |1), and leaves 
state |0) unaffected. The beam had a diameter of ~600 nm full-width 
at half-maximum (FWHM) and could be moved in the object plane 
over the entire field of view by changing its angle of incidence into the 
microscope objective with a two-axis piezo mirror. We were able to 
position the beam with an accuracy better than 0.1 qq, using an inde- 
pendent calibration measurement of its position together with a feed- 
back that tracks the slowly varying lattice phases (Methods). 

If the addressing laser beam is perfectly centred onto one lattice site 
(Fig. 1b), the differential light shift is 4, 5/(2m) ~ —70 kHz, whereas a 
neighbouring atom only experiences 10% of the peak intensity. The 
resulting difference in light shifts can be well resolved spectrally by our 
microwave (MW) pulses. In order to flip the spin, we performed 
Landau-Zener sweeps (Methods) of oyw/(2m) = 60 kHz width and 
20 ms duration, yielding a near flat-top frequency spectrum with a 
maximum population transfer efficiency of ~95%. 

As a first experiment, we sequentially flipped the spin of the atoms 
at selected lattice sites in our Mott insulator with unity filling and spin 
state |0) (Fig. 2a). The lattice depths were first changed to V,. = 56 E,, 
V, = 90 E, and V, = 70 E, in order to completely suppress tunnelling 
even when the addressing beam locally perturbs the lattice potential. 
For each lattice site, we then switched on the addressing laser beam 
with an ‘S’-shaped ramp within 2.5 ms, which is adiabatic with respect 
to the on-site oscillation frequency of ~30kHz. Subsequently, a 
microwave pulse with the parameters described above produced 
spin-flips from |0) to |1). The addressing laser was switched off again 
within 2.5 ms, before its position was changed in 5 ms to address the 
next lattice site. For the image of Fig. 2a, this procedure was repeated 
16 times in order to flip the spins along a line. Finally, a 5 ms ‘push- 
out’ laser pulse, resonant with the F = 2 to F’ = 3 transition, removed 
all addressed atoms in state |1). 
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Figure 1 | Addressing scheme. a, Atoms in a Mott insulator with unity filling 
arranged on a square lattice with period a), = 532 nm were addressed using an 
off-resonant laser beam. The beam was focused onto individual lattice sites by a 
high-aperture microscope objective (not shown) and could be moved in the x-y 
plane with an accuracy of better than 0.1 aja. b, Energy diagram of atoms in the 
lattice for the two hyperfine states |0) and |1) (energy separation /iaay). The 

o -polarized addressing beam locally induces a light shift A,s of state |1), 
bringing it into resonance with a microwave field. A Landau-Zener sweep 
(central frequency mw, sweep width ow) transfers the addressed atoms 
from |0) to |1). 


In order to reveal only the spin-flipped atoms, the spin states of all 
atoms were flipped by a global microwave sweep before the push-out 
laser was applied (Fig. 2c, d). However, owing to the finite transfer 
efficiency of the global sweep, some atoms remaining in state |0) were 
clearly visible in addition to the addressed ones. To avoid this problem 
when detecting the addressed atoms, we initially transferred the whole 
sample to state |1) by a microwave sweep and then shone in a repump- 
ing laser that completely depopulated state |0). Then, we used our 
addressing scheme to transfer selected atoms back to |0) and sub- 
sequently pushed out the atoms in |1), yielding typical images as 
shown in Fig. 2b, e, f. 


Spin-flip fidelity 

We quantified the success rate of our addressing scheme by again 
producing a series of spin-flips along the y lattice axis in a Mott 
insulator with unity filling (Fig. 3). The experimental procedure was 
the same as described above for the realization of Fig. 2a, in which the 
addressed sites were detected as empty sites. From the reconstructed 
atom number distribution (Fig. 3a), we determined the probability 
Po(6x) of finding an empty site as a function of the pointing offset 5x 
between the addressing beam and the centre of the lattice site (Fig. 3b). 
We also investigated the effect of the addressing on neighbouring 
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Figure 2 | Single-site addressing. a, Top, experimentally obtained 
fluorescence image of a Mott insulator with unity filling in which the spin of 
selected atoms was flipped from |0) to |1) using our single-site addressing 
scheme. Atoms in state |1) were removed by a resonant laser pulse before 
detection. Bottom, the reconstructed atom number distribution on the lattice. 
Each filled circle indicates a single atom; the points mark the lattice sites. b, Top, 
as for a except that a global microwave sweep exchanged the population in |0) 


atoms, which ideally should remain unaffected. For this purpose, we 
monitored the probability of finding a hole at the sites next to the 
addressed ones (dark blue regions in Fig. 3a, b and points in Fig. 3c). In 
order to distinguish accidentally flipped neighbouring atoms from 
holes that originate from thermal excitations of the initial Mott insu- 
lator’*, we also monitored the probability of finding a hole at the 
second next neighbours (light blue regions and points in Fig. 3). As 
both yielded the same hole probability of 6(2)%, we attribute all holes 
to thermal excitations and conclude that the probability of addressing 
a neighbouring atom is indiscernibly small. We fitted the hole prob- 
ability po(dx) of the addressed site with a flat-top model function (see 
Methods), keeping the offset fixed at the thermal contribution of 6%. 
From the fit, we derived a spin-flip fidelity of 95(2)%, an FWHM of 
0, = 330(10) nm and an edge sharpness of o, = 50(10) nm (Fig. 3c). 
These values correspond to 60% and 10% of the addressing beam 
diameter, demonstrating that our method reaches sub-diffraction- 
limited resolution, well below the lattice spacing. 

The observed maximum spin-flip fidelity is currently limited by the 
population transfer efficiency of our microwave sweep. The edge 
sharpness o, originates from the beam pointing error of < 0.1 dia 
and from variations in the magnetic bias field. The latter causes fre- 
quency fluctuations of ~5kHz, which translate into an effective 
pointing error of 0.05 aja, at the maximum slope of the addressing 
beam profile. The resolution o, could in principle be further reduced 
by a narrower microwave sweep, at the cost of a larger sensitivity to 
the magnetic field fluctuations. A larger addressing beam power 
would reduce this sensitivity, but we observed that this deformed 
the lattice potential, owing to the imperfect o -polarization, allowing 
neighbouring atoms to tunnel to the addressed sites. 


Coherent tunnelling dynamics 

The preparation of an arbitrary atom distribution opens up new pos- 
sibilities for exploring coherent quantum dynamics at the single-atom 
level. As an example, we studied the tunnelling dynamics in a one- 
dimensional lattice (Fig. 4) which allowed us to determine how much 
our addressing scheme affects the vibrational state of the atoms. We 
started by preparing a single line of up to 18 atoms along the y direction 
before we lowered the lattice along the x direction to V,.= 5.0(5) E, 
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and | 1), such that only the addressed atoms were observed. Bottom, the 
reconstructed atom number distribution shows 14 atoms on neighbouring 
sites. c-f, As for b, but omitting the atom number distribution. The images 
contain 29 (c), 35 (d), 18 (e) and 23 (f) atoms. The single isolated atoms in 
b, e and f were placed intentionally to allow for the correct determination of the 
lattice phase for the feedback on the addressing beam position. 


within 200 ts. At the same time, the other lattices were lowered to 
V, = 30 E, and V, = 23 E,, which reduced the external confinement 
along the x direction, but still suppressed tunnelling in the y and z 
directions. After a varying hold time ¢, allowing the atoms to tunnel 
along x, the atomic distribution was frozen by a rapid 100 [us ramp ofall 
lattice axes to 56-90 E,. By averaging the resulting atomic distribution 
along the y direction and repeating the experiment several times, we 
obtained the probability distribution of finding an atom at the different 
lattice sites (Fig. 4, bottom row). 

This probability distribution samples the single-atom wave- 
function after a coherent tunnelling evolution. We observed how 
the wavefunction expands in the lattice and how the interference of 
different paths leads to distinct maxima and minima in the distri- 
bution, leaving for example almost no atoms at the initial position 
after a single tunnelling time (Fig. 4c). This behaviour differs mark- 
edly from the evolution in free space, where a Gaussian wave packet 
disperses without changing its shape, always preserving a maximum 
probability in the centre. For longer hold times, an asymmetry in the 
spatial distribution becomes apparent (Fig. 4d), which originates from 
an offset between the bottom of the external harmonic confinement 
and the initial position of the atoms. 

We describe the observed tunnelling dynamics by a simple 
Hamiltonian including the tunnel coupling J between two neighbour- 
ing sites and an external harmonic confinement, parameterized by the 
trap frequency trap, and the position offset x4; (Methods). A single fit 
to all probability distributions recorded at different hold times yields 
J/h = 940(20) Hz, @trap/(2m) = 103(4) Hz and xm = —6.3(6) aiar. 
This is in agreement with the trap frequency @prap/(2m) = 107(2) Hz 
obtained from an independent measurement via excitation of the dipole 
mode without the x lattice, whose contribution to the external confine- 
ment is negligible compared to the other two axes. From J, we calcu- 
lated a lattice depth of V,. = 4.6(1) E,, which agrees with an independent 
calibration via parametric heating. The expansion of the wave packet 
can also be understood by writing the initial localized wavefunc- 
tion as a superposition of all Bloch waves of quasi-momentum /q, 
with —n/dia,= = T/a4. To each quasi-momentum /g, one can 
assign a velocity v,= 74, determined by the dispersion relation 
E(q) = —2y cos(qaat) of the lowest band. The edges of the wave 
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Figure 3 | Addressing fidelity. a, The spin-flip probability was measured by 
sequentially addressing a series of 16 neighbouring sites along the y lattice axis 
(red circles) in a Mott insulator with unity filling. b, Magnified view of boxed 
area in a, showing definition of pointing offset, dx. ¢, Plot of the resulting hole 
probability po(5x) as a function of the pointing offset 5x (red circles). Each point 
was obtained by averaging over 4-7 pictures (total 50-100 addressed lattice 
sites), taking only those sites into account which lie well within a Mott shell with 
unity filling. The displayed error bars show the 1a statistical uncertainty, given 
by the Clopper-Pearson confidence limits. The data were fitted by a flat-top 
model function (Methods) and yields FWHM o, = 330(20) nm, an edge 
sharpness of o, = 50(10) nm, and a peak fidelity of 95(2)%. The offset was fixed 
at the 6(2)% probability of thermally activated holes, as deduced from the 
neighbouring and next neighbouring sites (dark and light blue shaded regions 
in a and b, and dark and light blue circles in c). 


packet propagate with the largest occurring velocity Vinax = 2 J aalh = 
1.88(4) a,,/ms, in agreement with our data. 

Our measurements constitute the first observation of the ground 
state tunnelling dynamics of massive particles on a lattice with single- 
site resolution. A similar continuous-time quantum walk has been 
demonstrated with photons in an array of evanescently coupled 
photonic waveguides”. For massive particles, a discrete quantum 
walk of single atoms has been observed using a sequence of spin 
manipulations and spin-dependent transports in an optical lattice** 
and also with trapped ions*’. Without single-particle and single-site 
resolution, a continuous-time quantum walk in the ground state has 
been observed for ultracold fermionic atoms by measuring their ballistic 
expansion in a weak lattice”. 

In a second tunnelling experiment, we observed the faster dynamics 
of atoms in the first excited band (Fig. 5). For this, we deliberately 
excited the atoms by introducing a pointing offset 5x of the addressing 
beam, which caused a shift of the potential wells during the switch-on. 
We repeated the same tunnelling experiment as above with a hold time 
of t= 1 ms for different pointing offsets 6x. For a small pointing offset 
(dx = 0.1 dja: in Fig. 5b) we observed a narrow distribution, compared to 
a much broader one for a large offset (6x = —0.4 aj in Fig. 5a). We 
attribute this to different fractions f of atoms in the first band, which is 
characterized by the higher tunnelling rate J’. We fitted the distri- 
bution of Fig. 5a to a two-band model (Methods) and found 
J /h = 6.22(6) kHz. This is in excellent agreement with the expected 
value of J/h = 6.14(6) kHz from a band structure calculation in 
which we used J as an input parameter to calculate the lattice depth. 
Our measurement of the fraction of excited atoms f as a function of 
the pointing offset 6x (Fig. 5b inset) shows that the atoms are strongly 
heated for large pointing offsets. By contrast, only a small fraction of 
the atoms is excited to the first band for small pointing offsets 
|x| = 0.1 aa, yielding a ground state population of 1 — f= 87(2)%. 


Discussion 

In summary, we have demonstrated full two-dimensional single-site 
and single-atom spin control in an optical lattice with sub-diffraction- 
limited spatial resolution. Starting from a Mott insulator with unity 
filling, we achieved a spin-flip fidelity of 95(2)% with negligible influ- 
ence on the neighbouring lattice sites. Our scheme leaves most of the 
atoms in the vibrational ground state. The control of single spins in a 
strongly correlated many-body system on a lattice opens many new 
possibilities for studying quantum dynamics and quantum phases. Our 
technique will allow us to create out-of-equilibrium states or local per- 
turbations in order to observe the ensuing dynamics of the many-body 
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Figure 4 | Ground state tunnelling dynamics. a, Atoms were prepared in a 
single line along the y direction before the lattice along the x axis was lowered, 
allowing the atoms to tunnel in this direction (b-d). The top row shows 
fluorescence images of the atomic distribution after different hold times. White 
circles indicate the lattice sites at which the atoms were prepared (not all sites 
initially contained an atom). The bottom row shows the respective position 
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distribution obtained from an average over 10-20 of such pictures, the error 
bars give the 1o statistical uncertainty. A single fit to all distributions recorded 
at different hold times (red curve) yields a tunnelling coupling of 

J/h = 940(20) Hz, a trap frequency of @trap/ (2m) = 103(4) Hz and a trap offset 
of Xofts = —6.3(6) Dat 
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Figure 5 | Tunnelling dynamics of the first excited band. Some atoms were 
excited to the first band by a pointing offset 6x of the addressing beam. 

a, b, Atomic position distribution after 1 ms tunnelling time for dx = —0.4 dja 
(a) and 6x = 0.1 djat (b). Error bars give the 1o statistical uncertainty. We fitted 
the data with a model that includes atoms in the zeroth band (red line) and a 
fraction f in the first band (orange line) (Methods). Right insets of a, b show 
corresponding original images. Left inset of b shows fraction f in first band 
versus pointing offset 5x with a broad minimum of f= 13(2)%, indicating that 
most of the atoms are left in the ground state. 


system, such as spin-charge separation’® or spin impurity dynamics 
beyond Luttinger liquid theory*. Our studies of the tunnelling dynamics 
at the single-atom level can be extended to correlated particle tunnel- 
ling’, also in higher dimensions, or to observe transport across local 
impurities“ or potential barriers. The tunnelling can also be used to 
circumvent the pairwise losses during the imaging’’’* by letting the 
atoms of a one-dimensional system spread along the perpendicular 
direction in order to obtain a sufficiently low density. Further prospects 
are the implementation of novel cooling schemes relying on the local 
removal of regions with high entropy***. The single-spin control in our 
large systems with several hundreds of atoms also opens new perspec- 
tives for scalable quantum computing. Combining single-qubit mani- 
pulation with local readout and a global entanglement operation in a 
spin-dependent lattice***” would be the basis of a one-way quantum 
computer’"*. For the circuit model of a quantum computer, two-qubit 
operations can be realized by Rydberg gates between selected atom pairs 
in the lattice*”. 


METHODS SUMMARY 


The calibration of the addressing beam position was performed by replacing the 
far detuned addressing laser beam by a near resonant molasses beam. A fluor- 
escence image of a large thermal atom cloud in the vertical lattice alone yielded a 
strongly enhanced signal at the position of the focused beam, which could be 
determined with an uncertainty of 0.05 aja, + 25 nm. In order to compensate slow 
phase drifts of the optical lattice, we applied a feedback on the position of the 
addressing beam. We determined the two lattice phases along x and y after each 
realization of the experiment by fitting the position of isolated atoms. Our micro- 
wave sweeps used for the spin-flips are HS1-pulses* of 20 ms duration, 60 kHz 
sweep width and —75 kHz offset of the sweep centre from the bare resonance. We 
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describe the coherent tunnelling dynamics by a Hamiltonian that includes nearest 
neighbour tunnel coupling in the lowest band, and an external harmonic con- 
finement. The single particle wavefunction and its coherent time evolution are 
given by the Schrédinger equation. When including tunnelling in the first band, 
we assume an incoherent sum of the distributions of the zeroth and of the first 
band. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Calibration of the addressing beam position. To move the addressing laser 
beam in the object plane, we changed the angle of the beam entering from the 
reverse direction into the microscope objective using a two-axis piezo mirror. The 
device has an angular resolution of 5 trad, corresponding to a theoretical reso- 
lution in the object plane of 0.02 ajar ~ 10 nm. In order to position the addressing 
laser beam onto the atoms with high precision, we measured calibration functions 
that translate the two control voltages of the piezo mirror into image coordinates. 
This calibration was performed by replacing the far detuned addressing laser 
beam by a near resonant molasses beam that follows the identical beam path. 
Using in addition the x and y molasses beams, we took a fluorescence image of a 
large thermal atom cloud in the vertical lattice alone and observed a strongly 
enhanced signal at the position of the focused beam. We determined the position 
of this fluorescence maximum with an uncertainty of 0.2 pixels in our images, 
corresponding to 0.05 dja: ~ 25 nm in the object plane. The long term drifts of the 
addressing beam position are on the order of 0.1 aj, per hour, which we took into 
account by regular recalibration of the beam position. 

Lattice phase feedback. In order to compensate slow phase drifts of the optical 
lattice, we applied a feedback on the position of the addressing beam. We deter- 
mined the two lattice phases along x and y after each realization of the experiment 
by fitting the position of isolated atoms. Averaging over the positions of typically 
1-5 isolated atoms per image allowed us to determine the lattice phase to better 
than 0.05 a,,. For the determination of the phase, we used the lattice constant and 
the lattice angles determined from a fluorescence image with many isolated 
atoms”*. As our phase drifts were slower than 0.04 aja, between two successive 
realizations of the experiment (25 s cycle time), we used the lattice phase from the 
previous image to correct the addressing beam position. This feedback was done 
by adding appropriate offsets to the piezo control voltages. 

Microwave sweeps. Our microwave sweeps are HS1-pulses” with time-dependent 
Rabi frequency Q(t) and detuning 6(f) given by 


Q(t) = sech A(T -1)] (1) 


P 


. OMw 2t 
O(t)= — tanh 0G -1)| (2) 
where (2o/(2m) = 3 kHz is the maximum Rabi frequency, f =5 is a truncation 
factor, Tp, = 20 ms is the pulse length, and oy;w/(2m) = 60 kHz is the sweep width. 
The detuning 4d(¢) is measured relative to the centre of the sweep at 
Omw = op — Amw (see Fig. 1b). Here, wo is the bare resonance between the two 
hyperfine states, including the shift of —570kHz due to the magnetic bias field 
along the z direction, and A\w/(2m) = —75 kHz denotes the offset of the sweep 
centre. 

Spin-flip fidelity. In order to determine the spin-flip fidelity, we fitted the hole 
probability pp as a function of the pointing offset 5x (Fig. 3b) to a flat-top model 
function given by: 
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Here, erf(x) =2/ va e~° dris the error function, ¢, denotes the full-width at 
0 


half-maximum of the flat-top profile and o, the edge sharpness. We chose this model 
function since our HS1-pulses (see above) produce a flat-top population transfer 
profile, the edges of which are dominated by randomly fluctuating quantities (beam 
pointing and magnetic fields) following Gaussian statistics. The addressing fidelity is 
defined as F = A/(1 — B) taking into account that the maximum hole probability 
Po. =A+B also includes holes from thermal defects. These yield a hole with 
probability B at unsuccessfully addressed sites which occur with probability 1 — F, 
such that py =F +(1—F)B. 

Single-particle tunnelling dynamics. We describe the coherent tunnelling 
dynamics on k = 2n + 1 lattice sites by the Hamiltonian 


n n 
A) = —j) y (a; ai +a; ,4;) + Vext = (i—xotts) aj" aj (4) 


i=—n i=—n 


where is the tunnel coupling in the lowest band, and 4;* (a;) is the creation 
(annihilation) operator for a particle at site i. The strength of the external har- 
monic potential with trapping frequency @rap is given by Vext = 5 MOeap a,» and 
Xofts describes a position offset with respect to the bottom of the harmonic poten- 


tial. The single particle wavefunction and its coherent time evolution are given by 


y(t) = > 0 (east |0) =exp(- itr /n) (0) (5) 
with the initial condition ¥° (0) =a |0) and the vacuum state |0). The result- 
ing probability of finding the particle at lattice site i after time ¢ is 


2 
p” (t)= ero . For analysing the data of Fig. 4, we calculated the time evolu- 


tion for k = 17 lattice sites. 

Tunnelling in the first excited band. When including tunnelling in the first 
band, we assume an incoherent sum P''() of the distributions P(t) of the 
zeroth and P(t) of the first band as: 


P(t) =(1—f)PO(#) +f PO(L) (6) 


The Hamiltonian H“ in the first band and the coherent dynamics are identical to 
the ones of the zeroth band (equations (4) and (5)), except for a different tunnel 
coupling J. When fitting this model to our data, we kept traps Xofrs and J fixed 
at the values obtained from the data displayed in Fig. 4. We extracted J“ from the 
data of Fig. 5a and used this value to fit the results for other pointing offsets. For 
the data in Fig. 5, the parameters of our microwave sweep were such that neigh- 
bouring atoms were also addressed. We took this into account by summing over 
two distinct probability distributions with a second starting position in the direction 
of the pointing offset. 


©2011 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


doi:10.1038/nature09830 


DICER] deficit induces Alu RNA toxicity 
in age-related macular degeneration 


Hiroki Kaneko, Sami Dridi!*, Valeria Tarallo'*, Bradley D. Gelfand!, Benjamin J. Fowler', Won Gil Cho”, Mark E. Kleinman’, 


Steven L. Ponicsan’, William W. Hauswirth*, Vince A. Chiodo*, Katalin Karik6°, Jae Wook Yoo°, Dong-ki Lee®, 


Majda Hadziahmetovic’, Ying Song’, Smita Misra®, Gautam Chaudhuri’, Frank W. Buaas”, Robert E. Braun’, David R. Hinton!®, 


Qing Zhang", Hans E. Grossniklaus", Jan M. Provis'”, Michele C. Madigan'*"*, Ann H. Milam’, Nikki L. Justice’, 

Romulo J. C. Albuquerque!, Alexander D. Blandford’, Sasha Bogdanovich', Yoshio Hirano’, Jassir Witta!°, Elaine Fuchs!®, 

Dan R. Littman!’, Balamurali K. Ambati!®!°, Charles M. Rudin”°, Mark M. W. Chong!" Patrick Provost’, Jennifer F. Kugel’, 
James A. Goodrich?, Joshua L. Dunaief’, Judit Z. Baffi> & Jayakrishna Ambati!”? 


Geographic atrophy (GA), an untreatable advanced form of age-related macular degeneration, results from retinal 
pigmented epithelium (RPE) cell degeneration. Here we show that the microRNA (miRNA)-processing enzyme 
DICERI1 is reduced in the RPE of humans with GA, and that conditional ablation of Dicerl, but not seven other 
miRNA-processing enzymes, induces RPE degeneration in mice. DICERI knockdown induces accumulation of Alu 
RNA in human RPE cells and Alu-like B1 and B2 RNAs in mouse RPE. Alu RNA is increased in the RPE of humans with 
GA, and this pathogenic RNA induces human RPE cytotoxicity and RPE degeneration in mice. Antisense oligonucleotides 
targeting Alu/B1/B2 RNAs prevent DICERI depletion-induced RPE degeneration despite global miRNA downregulation. 
DICER1 degrades Alu RNA, and this digested Alu RNA cannot induce RPE degeneration in mice. These findings reveal a 
miRNA-independent cell survival function for DICERI1 involving retrotransposon transcript degradation, show that Alu 


RNA can directly cause human pathology, and identify new targets for a major cause of blindness. 


Age-related macular degeneration (AMD), which is as prevalent as 
cancer in industrialized countries, is a leading cause of blindness’. In 
contrast to neovascular AMD, the more common atrophic form of 
AMD is without effective therapy**. Extensive atrophy of the retinal 
pigment epithelium (RPE) leads to severe vision loss and is termed 
GA, whose pathogenesis is unclear. Here, we identify dysregulation of 
the RNase DICER (ref. 5) and the resulting accumulation of tran- 
scripts of Alu elements, the most common small interspersed repeti- 
tive elements in the human genome’, as a potential cause of GA, and 
demonstrate strategies to inhibit this pathology in vivo. 


DICER1 loss in GA induces RPE death 

In human donor eyes with GA (n = 10), DICERI mRNA abundance 
was reduced in the macular RPE by 65+3% (mean +s.em; 
P= 0.0036; Mann-Whitney U-test) compared to control eyes 
(n = 11) (Fig. 1a). In contrast, there was no change in the abundance 
of DROSHA and DGCR8 mRNAs, whose gene products form a com- 
plex that processes pri-miRNAs into pre-miRNAs’, or of the gene 
encoding Argonaute 2 (AGO2, encoded by EIF2C2), the core 


component of the miRNA effector complex*’. DICER1 protein 
expression was reduced in the RPE, but not the neural retina, of eyes 
with GA compared to controls (Fig. 1b, c and Supplementary Figs 1 
and 2). 

Because DICER] is downregulated in chemically stressed cells®°, we 
tested whether DICERI1 reduction is common to dying retina. 
DICERI protein levels were not reduced in the RPE of human eyes 
with other retinal diseases (vitelliform macular dystrophy, retinitis 
pigmentosa, retinal detachment; Supplementary Fig. 3). Also, 
Dicer1 abundance in the RPE was not reduced in numerous mouse 
models of retinal degeneration including Ccl2~ Ccr2"" (refs 7,8) and 
Cp Heph~ mice? (Supplementary Fig. 3; Supplementary Notes). 
These data indicate that DICER1 depletion in the RPE of eyes with GA 
is not a generic damage response. 

To determine the consequence of DICERI reduction in the RPE, 
we interbred Dicer1‘ mice!® with BEST1 Cre mice!', which express 
Cre recombinase under the control of the RPE cell-specific BEST1 
promoter. BEST1 Cre; Dicer1‘' mice uniformly showed RPE cell 
degeneration whereas littermate controls did not (Fig. 1d—f). We also 
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Figure 1 | DICERI deficit in GA induces RPE degeneration. a, DICER] is 
less abundant in RPE of human eyes with GA (n = 10) compared to control 
RPE (n = 11). P= 0.004 by Mann-Whitney U-test. DROSHA, DGCR8 and 
EIF2C2 (encoding AGO2) abundance not significantly different (P > 0.11 by 
Mann-Whitney U-test). n = 10-11. b, DICER1 quantification, assessed by 
western blotting (Supplementary Fig. 1), lower in human GA RPE (n = 4) 
compared to control RPE (n = 4). P = 0.003 by Student t-test. c, Reduced 
DICERI (blue) in human GA RPE compared to control eyes. d, e, Fundus 
photographs (d) and toluidine-blue-stained sections (e) show RPE 
degeneration in BEST! Cre; Dicer1'" mice but not controls. Arrowheads point 
to basal surface of RPE. f, Flat mounts stained for zonula occludens-1 (ZO-1; 
red) show RPE disruption in BEST Cre; Dicer’ mice compared to controls. 


deleted Dicerl in adult mouse RPE by subretinal injection of an 
adeno-associated viral vector (AAV) coding for Cre recombinase 
under the control of the BEST1 promoter’? (AAV1-BEST1-Cre) in 
Dicer1'" mice (Supplementary Fig. 4). These eyes uniformly developed 
RPE cell degeneration, whereas contralateral eyes that underwent sub- 
retinal injection of AAV1-BEST1-GFP (GFP, green fluorescent 
protein) and wild-type mouse eyes injected with subretinal AAV1- 
BEST1-Cre did not (Fig. 1g-i and Supplementary Fig. 4). RPE cell 
dysmorphology in Dicer1-depleted mice resembled that of human 
GA eyes (Supplementary Fig. 5). When Dicer1'' mouse RPE cells were 
infected with an adenoviral vector coding for Cre recombinase (Ad- 
Cre), cell viability was reduced (Fig. 1j). Similarly, antisense oligonu- 
cleotide mediated knockdown of DICERI in human RPE cells 
increased cell death (Fig. 1k). Collectively, these data indicate that 
DICERI dysregulation is involved in the pathogenesis of GA. 


DICERI1 phenotype not due to miRNA dysregulation 

We tested whether depleting other miRNA-processing enzymes 
induces RPE degeneration. Subretinal injection of AAV1-BEST1- 
Cre in Drosha‘ (ref. 13), Dgcr8"! * (refs. 13,14), or Agoa'* mice’ did 
not damage the RPE (Supplementary Fig. 6), indicating that miRNA 
imbalances are not responsible for RPE degeneration induced by 
DICER1 depletion. However, some miRNAs are generated by 
Dicerl independent of Drosha and Dgcr8 (refs 16, 17). There is also 
debate whether Ago2 is essential for miRNA function’*'**!. Mice 
deficient in Agol, Ago3, or Ago4 (also known as Eif2c1, Eif2c3 and 
Eif2c4, respectively) had normal RPE (Supplementary Fig. 7). TRBP 
(encoded by Tarbp2) recruits DICERI to the four Argonaute proteins 
to enable miRNA processing and RNA silencing (ref. 22 and R. 
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g, h, Fundus photographs (g) and toluidine blue- stained sections (h) show RPE 
(g, h) and photoreceptor (h) degeneration in Dicer!" mice following subretinal 
injection of AAV1-BEST1-Cre but not AAV1-BEST1-GFP. i, Flat mounts show 
Dicer1'* mouse RPE degeneration following subretinal injection of AAV1- 
BEST1-Cre but not AAV1-BEST1-GFP. Nuclei stained blue with Hoechst 
33342. Representative images shown. n = 16-32 (d-f); 10-12 (g-i). Scale bars 
(c, e, h), 10 pum; (f, i) 20 um. j, Adenoviral vector coding for Cre recombinase 
(Ad-Cre) treatment reduces Dicer1'' mouse RPE cell viability compared to Ad- 
Null or untreated (no Tx) cells. k, DICERI antisense (as) reduces human RPE 
cell viability compared to control antisense (Ctrl as)-treated cells. n = 6-8. All 
error bars indicate mean + s.e.m. 


Shiekhattar, personal communication); Tarbp2 mice also had no 
RPE degeneration (Supplementary Fig. 7). These data indicate that 
RPE degeneration induced by Dicer! ablation involves a mechanism 
specific to Dicer1 and not to miRNA machinery in general. 

To investigate further whether miRNA imbalances might contribute 
to the DICER1 depletion phenotype, we studied human HCT116 colon 
cancer cells in which the helicase domain in exon 5 of DICER1 was 
disrupted. Despite impaired miRNA biogenesis in these HCT- 
DICER1*° cells”’, baseline cell viability was not different between 
HCT-DICER1®™ and parent HCT116 cells (Supplementary Fig. 8). 
These findings indicate that the principal biological effect of DICER1 
deficit contributing to the development of GA is not miRNA dysregu- 
lation, but do not exclude miRNA dysregulation promoting GA 
through other pathways. 


Alu RNA accumulation in GA 


Because miRNA perturbations were not implicated, we speculated 
that impaired processing of other dsRNAs might be involved. Using 
an antibody**”* that recognizes long dsRNA (J2), we detected abund- 
ant dsRNA immunoreactivity in the macular RPE of human eyes with 
GA (n = 10; Fig. 2a—c) but not in control eyes (n = 10; Fig. 2d). We 
immunoprecipitated RPE lysates with J2 antibody and then 
sequenced the dsRNA using a T4 RNA ligase-aided, adaptor-based 
PCR amplification strategy. Approximately 300-nucleotide-long 
dsRNA species were found in the macular RPE of human eyes with 
GA (12/12) but not in eyes without GA (0/18) (P= 1.2 x 10 8 by 
Fisher’s exact test) (Fig. 2e). 

We recovered clones from 8 of the 12 GA eyes and identified two 
distinct sequences with high similarity (E = 3.3 X 10° **; 1.1 x 10° ”°) 
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Figure 2 | Alu RNA accumulation in GA triggered by DICER reduction. a, 
b, dsRNA immunolocalized (blue) in RPE (a, b) and sub-RPE deposits (drusen; 
b) in human GA. ¢, d, No staining with isotype antibody in GA RPE (c) and 
with anti-dsRNA antibody in control eye (d). Scale bars (a-d), 10 um. n = 10 
(a-d) e, PCR amplification of immunoprecipitated dsRNA yielded amplicons 
with homology to Alu in GA RPE but not normal RPE. Water control (—) 
showed no amplification and recombinant dsRNA (+) showed predicted 
amplicon. f, Increased Alu RNA in GA RPE compared to control (n = 7). 
P<0.05 by Student t-test. No significant difference in Alu RNA in neural 
retina. Values normalized to abundance in normal eyes. 


to Alu RNAs (Supplementary Fig. 9). These sequences showed homology 
to the Alu Sq subfamily consensus sequence. Alu RNAs were the only 
dsRNA transcripts identified specifically in the J2-immunoprecipitated 
GA samples. We confirmed that J2 recognized Alu RNA (Supplementary 
Fig. 10). There was a marked increase in the abundance of Alu RNAs in 
the RPE of human eyes with GA compared to control eyes (n = 7), but 
not in the neural retina (Fig. 2fand Supplementary Fig. 11). The reference 
genome did not contain exact matches to these Alu sequences. This could 
be attributed to genetic variations or regions not represented in the 
reference genome or to chimaeric Alu formation. Further studies should 
elucidate the genomic origin of and regulatory factors involved in tran- 
scription of these Alu RNAs. 


DICER] depletion induces Alu RNA cytotoxicity 
We tested whether Alu RNA accumulation in the RPE of GA was due 
to deficient DICER] processing. DICER1 knockdown in human RPE 
cells using antisense oligonucleotides increased Alu RNA accumula- 
tion (Fig. 3a and Supplementary Fig. 12). Ad-Cre infection of Dicer1‘" 
mouse RPE cells induced accumulation of B1 and B2 RNAs (Fig. 3b, 
c). DICER1 was expressed in the nucleus and cytoplasm of RPE cells 
and its depletion induced accumulation of Alu/B1/B2 RNA in both 
compartments (Fig. 3b-d and Supplementary Fig. 13). Recombinant 
DICERI, but not heat-denatured DICER1, degraded Alu RNA 
(Fig. 3e). Enforced expression of DICER] in human RPE cells reduced 
the abundance of overexpressed Alu RNA (Fig. 3f), consistent with 
their degradation by DICERI in vivo. These data confirm that 
DICER1 dysregulation can trigger Alu/B1/B2 RNA accumulation. 
Because cell stresses can induce generalized retrotransposon activa- 
tion, we wondered whether Alu RNA accumulation in GA might be a 
generic response in dying retina. However, in the RPE of human eyes 
with GA and in DICER1-depleted human RPE cells, there was no 
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Figure 3 | DICERI degrades Alu RNA. a, DICERI antisense (as) increased 
Alu RNA in human RPE cells. b, c, Ad-Cre, but not Ad-GFP, increased B1 and 
B2 RNAs in Dicer1“? mouse RPE cells in nucleus (b) and cytoplasm 

(c). d, DICER1 as upregulated Alu RNA in human RPE cell nucleus and 
cytoplasm. e, Agarose gel electrophoresis shows recombinant DICER1 (+), but 
not heat-denatured DICER1, degrades Alu RNA isolated and cloned from 
human GA RPE. Image representative of six experiments. f, Alu RNA in human 
RPE cells upregulated by plasmid coding for Alu (pAlu) versus pNull or no 
treatment (no Tx) at 24h reduced by pDICERI. *P < 0.05. n = 4-8 (a- 

d, f). Values normalized to control as-treated (for Alu) or Ad-GFP-infected cells 
(for B elements). 


increase in the abundance of RNAs coded by L1.3, human endogenous 
retrovirus-W envelope, or hY3 (Supplementary Fig. 14). These data 
demonstrate that Alu RNA accumulation is a biologically specific res- 
ponse to DICER1 depletion. 

Alu RNA upregulation induced by DICER knockdown was inhibited 
by tagetitoxin (an RNA polymerase IIT inhibitor) but not «-amanitin (an 
RNA polymerase II inhibitor) (Supplementary Fig. 15). Northern blot- 
ting showed that Alu RNA from the RPE of human eyes with GA was 
approximately 300 nucleotides in length, consistent with the length of 
non-embedded polymerase III Alu transcripts. Our northern probe 
specifically detected Alu RNA and not 7SL RNA, the evolutionary pre- 
cursor of Alu. Northern blotting showed no difference in 7SL RNA 
abundance between the RPE of GA and control eyes. Real-time PCR 
with reverse transcription analysis showed that 7SL RNA was not dys- 
regulated in the RPE of human eyes with GA or in DICERI-depleted 
human RPE cells (Supplementary Fig. 16). DICER1 knockdown did not 
upregulate several polymerase II-transcribed genes (ADAR2 (also 
known as ADARB1), NICN, NLRP and SLFN11) containing exon- 
embedded Alu sequences. These data indicate that Alu RNA in the 
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RPE of human eyes with GA are primary Alu transcripts and not 
passenger or bystander sequences embedded in other RNAs. Con- 
clusive assignment of these Alu sequences as polymerase III transcripts 
must await precise determination of their transcription start site. 

We tested whether Alu RNA accumulation could induce GA. 
Transfecting human or wild-type mouse RPE cells with a plasmid 
coding for Alu (pAlu) reduced cell viability (Supplementary Fig. 17). 
Subretinal transfection of plasmids coding for two different Alu RNAs 
or for B1 or B2 RNAs induced RPE degeneration in wild-type mice 
(Fig. 4a, Supplementary Fig. 17 and data not shown). Treating human 
RPE cells with a recombinant 281-nucleotide-long polymerase III- 
derived Alu RNA isolated from a human embryonal carcinoma cell 
line dose-dependently increased cell death (Fig. 4b), indicating that 
endogenous DICERI degrades small amounts of Alu RNA but can be 
overwhelmed. Accordingly, DICER1 overexpression blocked pAlu- 
induced cell death in human RPE cells and RPE degeneration in 
wild-type mice (Supplementary Fig. 17). 

Subretinal injection delivered Alu RNA to RPE cells in wild-type 
mice (Supplementary Fig. 18), consistent with the ability of long RNAs 
with duplex motifs to enter cells”’. We cloned a 302-nucleotide-long 
Alu RNA isolated from the RPE of a human eye with GA and tran- 
scribed it in vitro to generate partially and completely annealed struc- 
tures that mimic Alu RNAs transcribed by polymerase II and 
polymerase II, respectively. Subretinal injection of either of these Alu 
RNAs induced RPE degeneration in wild-type mice (Fig. 4c and Sup- 
plementary Fig. 19), supporting the assignment of disease causality. In 
contrast, subretinal injection of these Alu RNAs digested with DICER1 
did not induce RPE degeneration (Fig. 4d and Supplementary Fig. 19). 
When these Alu RNAs were subjected to mock DICER] digestion, they 
induced RPE degeneration, suggesting a role for DICER] in protecting 
against Alu RNA-induced degeneration. 
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Figure 4| DICERI protects RPE cells from Alu RNA cytotoxicity. 

a, Subretinal pAlu, but not pNull, induced wild-type mouse RPE degeneration 
(fundus photographs, top row; ZO-1 stained (red) flat mounts, bottom row). 
b, Alu RNA induced human RPE cytotoxicity. Values normalized to pNull or 
vehicle. *P < 0.05 by Student t-test. n = 4-6. c, Subretinal Alu RNA isolated 
and cloned from human GA RPE induced wild-type mouse RPE degeneration. 
d, Subretinal injection of this Alu RNA, when cleaved by DICER1, did not 
induce wild-type mouse RPE degeneration (fundus photographs, top row; flat 
mounts, bottom row) in contrast to mock-cleaved Alu RNA. Degeneration 
outlined by blue arrowheads (a, ¢, d). Scale bars, 20 um. n = 10-15. 
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In contrast, subretinal transfection of transfer RNA or plasmids 
coding for 7SL RNA or two different primary miRNAs did not induce 
RPE degeneration in wild-type mice (Supplementary Fig. 20). Chemically 
synthesized dsRNAs that mimic viral dsRNA can induce RPE degenera- 
tion by activating toll like receptor-3 (TLR3); however, pAlu transfec- 
tion did not induce TLR3 phosphorylation in human RPE cells and did 
induce RPE degeneration in Tir3’~ mice (Supplementary Fig. 21). 
Therefore, Alu RNA-induced RPE degeneration cannot be attributed 
solely to its repetitive or double-stranded nature, as it exerted effects 
distinct from other structured dsRNAs of similar length. 

The mechanism of RPE cell death in GA is undefined. DNA frag- 
mentation has been identified in RPE cells in human eyes with GAs, 
and Dicer1 knockdown has been associated with induction of apoptosis 
in diverse tissues'°*°. We now provide evidence of caspase-3 cleavage in 
regions of RPE degeneration in human eyes with GA (Supplementary 
Fig. 22). Caspase-3 cleavage was also observed in the RPE cells of BEST 1 
Cre; Dicerl 'f mice and in Alu RNA-stimulated or -overexpressing 
human RPE cells. These data indicate a role for Alu RNA-induced 
RPE cell apoptosis triggered by DICER1 dysregulation in GA. 

To study whether an imbalance in small RNA species produced 
from long Alu RNAs could contribute to RPE degeneration, we 
exposed human RPE cells or wild-type mice to DICER] cleavage frag- 
ments of Alu RNA. Subretinal transfection of these fragments did not 
damage RPE cells in wild-type mice, and co-administering these frag- 
ments did not prevent RPE cell degeneration in wild-type mice 
induced by pAlu (Supplementary Fig. 23). Similarly, these fragments 
did not prevent human RPE cell death induced by Alu RNA over- 
expression. These data indicate that upregulation of long Alu RNA 
rather than imbalance in Alu RNA-derived small RNA fragments is 
responsible for RPE degeneration induced by DICER1 reduction. 

To dissect the contribution of Alu RNA accumulation versus that of 
miRNA dysregulation to RPE degeneration in the context of DICER1 
deficit, we re-examined HCT-DICER1®® cells in which miRNA bio- 
genesis is impaired but long dsRNA cleavage is preserved due to the 
intact RNase III domains. Alu RNA levels were not different between 
HCT-DICER1™° and parent HCT116 cells (Supplementary Fig. 24). 
In contrast, DICER1 knockdown in HCT116 cells upregulated Alu 
RNA. Also, Alu RNA induces similar levels of cytotoxicity in HCT- 
DICER1™ and parent HCT116 cells, indicating that coexisting miRNA 
expression deficits do not augment Alu RNA-induced RPE degenera- 
tion. In conjunction with the discordance in the RPE degeneration 
phenotype between ablation of Dicer1 and that of various other small 
RNA biogenesis pathway genes in mice, our findings indicate that 
Alu RNA accumulation is critical to DICER1 reduction-induced 
cytotoxicity. 


RPE degeneration blocked by Alu RNA inhibition 

We tested whether DICERI reduction-induced cytotoxicity is due to 
Alu RNA accumulation. DICERI-knockdown-induced human RPE 
cytotoxicity was inhibited by antisense oligonucleotides targeting Alu 
RNA sequences, but not by scrambled antisense control (Fig. 5a and 
Supplementary Fig. 25). Ad-Cre infection of Dicer1'’ mouse RPE cells 
reduced cell viability, and this was blocked by antisense oligonucleotides 
targeting B1/B2 RNAs but not by scrambled antisense control (Fig. 5b 
and Supplementary Fig. 25). Subretinal administration of antisense 
oligonucleotides that reduced accumulation of B1/B2 RNAs inhibited 
RPE degeneration in AAV1-BEST1-Cre-treated Dicer1"" mice (Fig. 5c 
and Supplementary Fig. 25), providing evidence of in vivo functional 
rescue. 

We tested whether Alu inhibition also rescued miRNA expression 
deficits as a potential explanation for the functional rescue of DICER1 
depletion-induced RPE degeneration. As expected, DICERI knock- 
down in human RPE cells reduced the abundance of numerous 
miRNAs (Fig. 5d). However, inhibition of Alu RNA did not recover 
miRNA expression. Thus, rescue of RPE cell viability by Alu RNA 
inhibition despite persistent global miRNA expression deficits shows 
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Figure 5 | DICERI dysregulation induces RPE cell death via Alu RNA 
accumulation. a, Human RPE cytotoxicity induced by DICER1 as rescued by 
Alu RNA antisense. Values normalized or compared to control (Ctrl) antisense. 
b, Ad-Cre but not Ad-Null induced Dicer1'" mouse RPE cytotoxicity. B1/B2 
RNA as, but not control (Ctrl) as, rescued viability. Values normalized to 
untreated cells (no Tx). * P< 0.05 by Student t-test. n = 4-6 (a, b). c, Subretinal 
AAV-BEST1-Cre induced RPE degeneration (blue arrowheads in fundus 
photograph, top row; ZO-1 stained (red) flat mounts, bottom row) in Dicer 
mice 20 days after injection was inhibited by subretinal cholesterol-conjugated 
B1/B2 as, but not cholesterol-conjugated Ctrl as, 10 days after AAV-BEST 1-Cre 
injection. Values normalized to Ctrl as-treatment. n = 8. Scale bar, 20 Lm. 

d, DICER1 as induced global miRNA expression deficits in human RPE cells 
compared to Ctrl as. No significant difference in miRNA abundance between 
Alu as and Ctrl as-treated DICER1 depleted cells. n = 3. 


pit 


that RPE degeneration induced by DICER] deficit is due to Alu RNA 
accumulation and not miRNA dysregulation. 

Collectively, these data support a model in which primary Alu 
transcripts are responsible for RPE degeneration. Whether similar 
pathology can also result from upregulation of as yet undefined poly- 
merase II transcripts with embedded Alu sequences is an intriguing 
possibility that requires further study. Importantly, we demonstrated 
that primary Alu transcripts are elevated in human disease, that Alu 
transcripts recapitulate disease in relevant experimental models, and that 
targeted suppression of Alu transcripts successfully inhibits this patho- 
logy. These observations have direct relevance for clinical strategies to 
prevent and treat GA. 


Discussion 
Our findings elucidate a critical cell survival function for DICER1 by 
functional silencing of toxic Alu transcripts. This unexpected function 
suggests that RNAi-independent mechanisms should be considered 
in interpreting the phenotypes of systems in which DICERI is dys- 
regulated. For example, it would be interesting to test whether 
DICERI ablation induced cytotoxicity in mouse neural retina*® and 
heart*! might also involve B1/B2 RNA accumulation. More broadly, 
recognition of DICERI’s hitherto unidentified function as an import- 
ant controller of transcripts derived from the most abundant genomic 
repetitive elements can illuminate new functions for RNases in cyto- 
protective surveillance. DICER1 expression is reduced in GA and 
partial loss of DICER1 promotes RPE degeneration; thus loss of 
heterozygosity in DICERI may underlie the development of GA, sim- 
ilar to its function as a haploinsufficient tumour suppressor” ™*. 
This also is, to our knowledge, the first example of how Alu could 
cause a human disease via direct RNA cytotoxicity rather than by 
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inducing chromosomal DNA rearrangements or insertional muta- 
genesis through retrotransposition, which have been implicated in 
diseases such as o-thalassaemia*, colon cancer*’, hypercholesterole- 
mia*”**, and neurofibromatosis*. Future studies should determine the 
precise chromosomal locus of the Alu RNA elements that accumulate 
in GA and the nature of transcriptional and post-transcriptional 
machinery that enable their biogenesis. 

In addition to processing miRNAs*, DICER1 has been implicated 
in heterochromatin assembly**”’. Since Alu elements are abundant 
within heterochromatin’, whether perturbations in centromeric 
silencing underlie the pathogenesis of GA warrants study. The finding 
that chromatin remodelling at Alu repeats can regulate miRNA 
expression® raises the intriguing possibility of other regulatory inter- 
sections between DICER1 and Alu. It also remains to be investigated 
whether centromeric satellite repeats that accumulate in Dicer1l-null 
mouse embryonic stem cells**** might be involved in the pathogenesis 
of GA. 

In the mouse germline, Dicerl has been implicated in generating 
endogenous small interfering RNAs (endo-siRNAs) from repeat ele- 
ments**””, If this process is conserved in mammalian somatic tissues, it 
would be interesting to learn whether endo-siRNAs serve a homeostatic 
function in preventing the development of GA. Given that caspases can 
cleave Dicerl and convert it into a DNase that promotes apoptosis in 
nematodes“, our finding that Alu RNA induces caspase activation 
introduces the possibility of bidirectional regulation between DICER1 
and Alu that triggers feed-forward disease-amplifying loops. 

The inciting events that trigger an RPE-specific reduction of 
DICER1 in patients with GA are unknown. Potential culprits could 
include oxidative stress, which is postulated to underlie AMD patho- 
genesis", as we found that hydrogen peroxide downregulates DICER 
in human RPE cells (Supplementary Fig. 26). Whereas upstream trig- 
gers of DICERI dysregulation and the role of other DICER1-dependent, 
DROSHA/DGCR8-independent small RNAs in GA await clarification, 
the ability of Alu RNA antisense oligonucleotides to inhibit RPE cyto- 
toxicity induced by DICER] depletion provides a rationale to investigate 
Alu RNA inhibition or DICER1 augmentation as potential therapies 
for GA. 


METHODS SUMMARY 


Subretinal injections (1 pl) were performed using a Pico-Injector (PLI-100, 
Harvard Apparatus). Plasmids were transfected in vivo using 10% Neuroporter 
(Genlantis). Immunolabelling was performed using antibodies against dsRNA 
(clone J2, English & Scientific Consulting), DICER1 (Santa Cruz Biotechnology), 
zonula occludens-1 (Invitrogen), Cre recombinase (EMD4Biosciences), or 
cleaved caspase-3 (Cell Signaling). dsRNA was isolated by immunoprecipitating 
homogenized tissue lysates with 40 tg of J2 for 16 h at 4°C. Purified dsRNA was 
ligated to an anchor primer and purified by MinElute Gel extraction columns 
(Qiagen). Ligated dsRNA was denatured, reverse transcribed, and amplified by 
PCR. Amplified cDNA products were cloned into pCRII TOPO vector (Invitrogen) 
and sequenced. Homology to Alu consensus sequences was determined using 
CENSOR. Cell viability was assessed using CellTiter 96 AQueous One Solution 
Cell Proliferation Assay (Promega). Total RNA (1 1g) was reverse transcribed using 
qScript CDNA SuperMix (Quanta Biosciences) and amplified by real-time quanti- 
tative PCR (Applied Biosystems 7900 HT) with Power SYBR green Master Mix. 
Relative expressions were determined by the 2~“4* method. miRNA abundance 
was quantified using All-in-One miRNA qRT-PCR Detection Kit (GeneCopoeia). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 30 July 2010; accepted 18 January; corrected 17 March 2011 (see full-text 
HTML version for details). 
Published online 6 February 2011. 


1. Kleinman, M. E. et al. Sequence- and target-independent angiogenesis 
suppression by siRNA via TLR3. Nature 452, 591-597 (2008). 

2. Takeda, A. et al. CCR3 is a target for age-related macular degeneration diagnosis 
and therapy. Nature 460, 225-230 (2009). 

3. Ferrara, N. Vascular endothelial growth factor and age-related macular 
degeneration: from basic science to therapy. Nature Med. 16, 1107-1111 (2010). 


17 MARCH 2011 | VOL 471 | NATURE | 329 


©2011 Macmillan Publishers Limited. All rights reserved 


ARTICLE 


25. 


26. 
27. 
28. 
29. 


30. 
31. 


32. 
33. 
34. 
35. 


36. 


. Cummins, J. M. etal. 


Ambati, J., Ambati, B. K., Yoo, S. H., lanchulev, S. & Adamis, A. P. Age-related 
macular degeneration: etiology, pathogenesis, and therapeutic strategies. Surv. 
Ophthalmol. 48, 257-293 (2003). 

Bernstein, E., Caudy, A. A, Hammond, S. M. & Hannon, G. J. Role for a bidentate 
ribonuclease in the initiation step of RNA interference. Nature 409, 363-366 
(2001). 

Batzer, M. A. & Deininger, P. L. Alu repeats and human genomic diversity. Nature 
Rev. Genet. 3, 370-379 (2002). 

Gregory, R. |. et al. The Microprocessor complex mediates the genesis of 
microRNAs. Nature 432, 235-240 (2004). 

Liu, J. et al. Argonaute2 is the catalytic engine of mammalian RNAi. Science 305, 
1437-1441 (2004). 

Meister, G. et a/. Human Argonaute2 mediates RNA cleavage targeted by miRNAs 
and siRNAs. Mol. Cell 15, 185-197 (2004). 


. Harfe, B. D., McManus, M. T., Mansfield, J. H., Hornstein, E. & Tabin, C. J. The 


RNaselll enzyme Dicer is required for morphogenesis but not patterning of the 
vertebrate limb. Proc. Nat! Acad. Sci. USA 102, 10898-10903 (2005). 


. lacovelli, J. et al. Generation of cre transgenic mice with postnatal RPE-specific 


ocular expression. Invest. Ophthalmol. Vis. Sci. doi:10.1167/iovs.10-6347 (6 
January 2011). 


. Alexander, J. J. & Hauswirth, W. W. Adeno-associated viral vectors and the retina. 


Adv. Exp. Med. Biol. 613, 121-128 (2008). 


. Chong, M. M., Rasmussen, J. P., Rudensky, A. Y. & Littman, D. R. The RNAselll 


enzyme Drosha is critical in T cells for preventing lethal inflammatory disease. J. 
Exp. Med. 205, 2005-2017 (2008). 


. Yi, R. et al. D@CR8-dependent microRNA biogenesis is essential for skin 


development. Proc. Nat! Acad. Sci. USA 106, 498-502 (2009). 


. O'Carroll, D. et al. A Slicer-independent role for Argonaute 2 in hematopoiesis and 


the microRNA pathway. Genes Dev. 21, 1999-2004 (2007). 


. Chong, M. M. et al. Canonical and alternate functions of the microRNA biogenesis 


machinery. Genes Dev. 24, 1951-1960 (2010). 


. Babiarz,J.E., Ruby, J.G., Wang, Y,, Bartel, D. P. & Blelloch, R. Mouse ES cells express 


endogenous shRNAs, siRNAs, and other Microprocessor-independent, Dicer- 
dependent small RNAs. Genes Dev. 22, 2773-2785 (2008). 


. Schaefer, A. et al. Argonaute 2 in dopamine 2 receptor-expressing neurons 


regulates cocaine addiction. J. Exp. Med. 207, 1843-1851 (2010). 


. Diederichs, S.& Haber, D. A. Dual role for Argonautes in microRNA processing and 


posttranscriptional regulation of microRNA expression. Ce// 131, 1097-1108 
(2007). 


. Kaneda, M., Tang, F., O’Carroll, D., Lao, K. & Surani, M. A. Essential role for 


Argonaute2 protein in mouse oogenesis. Epigenetics Chromatin 2, 9 (2009). 


. Su, H., Trombly, M. |., Chen, J. & Wang, X. Essential and overlapping functions for 


mammalian Argonautes in microRNA silencing. Genes Dev. 23, 304-317 (2009). 


. Chendrimada, T. P. et al. TRBP recruits the Dicer complex to Ago2 for microRNA 


processing and gene silencing. Nature 436, 740-744 (2005). 
The colorectal microRNAome. Proc. Natl Acad. Sci. USA 103, 
3687-3692 (2006). 


. Schonborn, J. et al. Monoclonal antibodies to double-stranded RNA as probes of 


RNA structure in crude nucleic acid extracts. Nucleic Acids Res. 19, 2993-3000 
(1991). 
Kato, H. et al. Length-dependent recognition of double-stranded ribonucleic acids 
by retinoic acid-inducible gene-l and melanoma differentiation-associated gene 5. 
J. Exp. Med. 205, 1601-1610 (2008). 
Saleh, M. C. et al. The endocytic pathway mediates cell entry of dsRNA to induce 
RNAi silencing. Nature Cell Biol. 8, 793-802 (2006). 

Yang, Z. et al. Toll-like receptor 3 and geographic atrophy in age-related macular 
degeneration. N. Engl. J. Med. 359, 1456-1463 (2008). 

Dunaief, J. L, Dentchey, T., Ying, G. S. & Milam, A. H. The role of apoptosis in age- 
related macular degeneration. Arch. Ophthalmol. 120, 1435-1442 (2002). 
Davis, T. H. et al. Conditional loss of Dicer disrupts cellular and tissue 
morphogenesis in the cortex and hippocampus. J. Neurosci. 28, 4322-4330 
(2008). 

Damiani, D. et al. Dicer inactivation leads to progressive functional and structural 
degeneration of the mouse retina. J. Neurosci. 28, 4878-4887 (2008). 

Chen, J. F. et al. Targeted deletion of Dicer in the heart leads to dilated 
cardiomyopathy and heart failure. Proc. Natl Acad. Sci. USA 105, 2111-2116 
(2008). 

Merritt, W. M. eta/. Dicer, Drosha, and outcomes in patients with ovarian cancer. N. 
Engl. J. Med. 359, 2641-2650 (2008). 

Kumar, M.S. etal. Dicer1 functions as a haploinsufficient tumor suppressor. Genes 
Dev. 23, 2700-2704 (2009). 

Hill, D. A. et a. DICER1 mutations in familial pleuropulmonary blastoma. Science 
325, 965 (2009). 

Nicholls, R. D., Fischel-Ghodsian, N. & Higgs, D. R. Recombination at the human 
a-globin gene cluster: sequence features and topological constraints. Cell 49, 
369-378 (1987). 

Nystrom-Lahti, M. et al. Founding mutations and Alu-mediated recombination in 
hereditary colon cancer. Nature Med. 1, 1203-1206 (1995). 


330 | NATURE | VOL 471 | 17 MARCH 2011 
©2011 Macmillan Publishers Limited. All rights reserved 


37. Lehrman, M. A. et a/. Mutation in LDL receptor: Alu-Alu recombination deletes 
exons encoding transmembrane and cytoplasmic domains. Science 227, 
140-146 (1985). 

38. Lehrman, M. A., Goldstein, J. L., Russell, D. W. & Brown, M. S. Duplication of seven 
exons in LDL receptor gene caused by Alu-Alu recombination in a subject with 
familial hypercholesterolemia. Cel! 48, 827-835 (1987). 

39. Wallace, M. R. et al. A de novo Alu insertion results in neurofibromatosis type 1. 
Nature 353, 864-866 (1991). 

40. Volpe, T. A. et al. Regulation of heterochromatic silencing and histone H3 lysine-9 
methylation by RNAi. Science 297, 1833-1837 (2002). 

41. Hall, |. M. et al. Establishment and maintenance of a heterochromatin domain. 
Science 297, 2232-2237 (2002). 

42. Prades, C., Laurent, A. M., Puechberty, J., Yurov, Y.& Roizes, G. SINE and LINE within 
human centromeres. J. Mol. Evol. 42, 37-43 (1996). 

43. Saito, Y. et al. Chromatin remodeling at Alu repeats by epigenetic treatment 
activates silenced microRNA-512-5p with downregulation of Mci-1 in human 
gastric cancer cells. Oncogene 28, 2738-2744 (2009). 

44. Murchison, E. P., Partridge, J. F., Tam, O. H., Cheloufi, S. & Hannon, G. J. 
Characterization of Dicer-deficient murine embryonic stem cells. Proc. Nat! Acad. 
Sci. USA 102, 12135-12140 (2005). 

45. Kanellopoulou, C. et al. Dicer-deficient mouse embryonic stem cells are defective 
in differentiation and centromeric silencing. Genes Dev. 19, 489-501 (2005). 

46. Tam, O. H. et al. Pseudogene-derived small interfering RNAs regulate gene 
expression in mouse oocytes. Nature 453, 534-538 (2008). 

47. Watanabe, T. et al. Endogenous siRNAs from naturally formed dsRNAs regulate 
transcripts in mouse oocytes. Nature 453, 539-543 (2008). 

48. Nakagawa, A., Shi, Y., Kage-Nakadai, E., Mitani, S. & Xue, D. Caspase-dependent 
conversion of Dicer ribonuclease into a death-promoting deoxyribonuclease. 
Science 328, 327-334 (2010). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We thank M. Chrenek, J. Garcia-Perez, T. Heidmann, 

C. Kanellopoulou, D. M. Livingston, J. V. Moran, R. F. Mullins, J.M. Nickerson, E.A. Pearce, 
A. Tarakhovsky, B. Vogelstein, V. E. Velculescu and D. J. Zack for providing mice, 
reagents or tissues; R. King, L. Xu, M. McConnell, C. Payne, G. R. Pattison, G. J. Jaffe, 
S. Medearis and C. Spee for technical assistance; and A. Sinai, R. Mohan, T. S. Khurana, 
R.A. Brekken, P. L. Deininger, S. Bondada, P. A. Pearson, A. M. Rao, G. S. Rao and 
K. Ambati for discussions. J.A. was supported by National Eye Institute (NEI)/National 
nstitutes of Health (NIH) grants ROLEY015422, RO1EYO18350, RO1EY018836, 
RO1EY020672, R21EY019778, RC1EY020442, the Doris Duke Distinguished Clinical 
Scientist Award, the Burroughs Wellcome Fund Clinical Scientist Award in 
Translational Research, and the Dr E. Vernon Smith and Eloise C. Smith Macular 
Degeneration Endowed Chair. Research to Prevent Blindness Senior Scientist 
nvestigator Awards or departmental unrestricted grants supported J.A., H.E.G. and 
W.W.H.; J.Z.B. was supported by University of Kentucky Physician Scientist Award, 
nternational Retinal Research Foundation, and American Health Assistance 
Foundation; B.K.A. by VA Merit Award and Department of Defense; D.-k.L. by Global 
Research Laboratory program by MEST, Korea; D.R.H. by Arnold and Mabel Beckman 
Foundation; W.W.H. by Macular Vision Research Foundation and Foundation Fighting 
Blindness; J.M.P. by ARC Centres of Excellence Grant CE0561903; M.C.M. by Sydney 
Foundation for Medical Research. B.K.A was supported by NIH RO1EY017182 and 
RO1EYO17950; R.E.B. by NIH RO1HDO027215; G.C. by NIH R21Al076757; H.E.G. by 
IH P30EY06360; W.W.H. by NIH U10EY013729, ROLEY011123, and P30EY008571; 
J.F.K. and J.A.G. by NIH RO1GM068414; J.L.D. by NIH RO1EYO15240; D.R.H. by NIH 
P30EY003040 and RO1EY001545; M.E.K. and S.B. by NIH T32HLO91812. P.P. is a 
Senior Scholar from the Fonds de la Recherche en Santé du Québec (FRSQ). M.M.W.C. 
is a QEIl Fellow of the Australian Research Council and is supported by National Health 
and Medical Research Council, Australia Project Grant 637228. E.F. and D.R.L. are 
investigators of the Howard Hughes Medical Institute. 


Author Contributions H.K.,S.D.,V.T., W.G.C,, BJ.F., M.EK., S.LP., J.F.K., JAG. KK, N.LJ., 
B.D.G., Y.H., R.J.C.A., A.D.B., S.B, J.W., M.H, Y.S. and J.Z.B. performed experiments. 
W.W.H,, V.A.C, D.-k.L., J.W.Y., C.M.R, D.R.H., H.E.G., Q.Z., J.M.P., M.C.M., A.H.M., M.M.W.C., 
D.R.L,, E-F., P.P., F.W.B., R.E.B., S.M., G.C. and J.L.D. provided tissues or reagents. J.A. 
conceived and directed the project, and wrote the paper with assistance from P.P., 
C.MLR,, K.K., J.F.K., J.A.G., E.F., M.M.W.C., BJ.F., B.D.G. and B.KA. All authors had the 
opportunity to discuss the results and comment on the manuscript. 


Author Information The Alu sequences have been deposited in GenBank under the 
accession numbers HN176584 and HN176585. Reprints and permissions 
information is available at www.nature.com/reprints. The authors declare competing 
financial interests: details accompany the full-text HTML version of the paper at 
www.nature.com/nature. Readers are welcome to comment on the online version of 
this article at www.nature.com/nature. Correspondence and requests for materials 
should be addressed to J.A. (jamba2@email.uky.edu). 


METHODS 


Human tissue. Donor eyes or ocular tissues from patients with GA due to AMD 
or patients without AMD were obtained from various eye banks in Australia and 
the United States of America. These diagnoses were confirmed by dilated 
ophthalmic examination before acquisition of the tissues or eyes or upon 
examination of the eye globes post mortem. The study followed the guidelines 
of the Declaration of Helsinki. Institutional review boards granted approval for 
allocation and histological analysis of specimens. 

Animals. All animal experiments were in accordance with the guidelines of the 
University of Kentucky Institutional Animal Care and Use Committee and the 
Association for Research in Vision and Ophthalmology. 

Immunolabelling and histology. Fixed human tissue was stained with the 
antibodies against dsRNA (clone J2, English & Scientific Consulting) or human 
DICERI (Santa Cruz Biotechnology). Bound antibody was detected with alkaline 
phosphatase streptavidin solution (Invitrogen) and the enzyme complex was 
visualized by Vector Blue (Vector Laboratories). Mouse RPE/choroid flat mounts 
were fixed with 4% paraformaldehyde or 100% methanol and stained with rabbit 
antibodies against human zonula occludens-1 (Invitrogen), Cre recombinase 
(EMD4Biosciences), or human cleaved caspase-3 (Cell Signaling) and visualized 
with Alexa594- or Cy5-conjugated secondary antibodies. Fixed primary human 
RPE cells were stained with antibodies against dsRNA or human DICER and 
visualized with Alexa Fluor-conjugated secondary antibodies. Nuclei were visua- 
lized with DAPI counterstaining. 

Subretinal injections. Subretinal injections (1 11) in mice were performed using a 
Pico-Injector (PLI-100, Harvard Apparatus). In vivo transfection of plasmids was 
achieved using 10% Neuroporter (Genlantis). AAV1-BEST1-Cre’ or AAV1- 
BEST1-GFP were injected at 1.0 X 10"! p.f.u. ml”! and recombinant Alu RNAs 
were injected at 0.3 mg ml. Cell-permeating cholesterol-conjugated B1/B2 anti- 
sense oligonucleotides or cholesterol-conjugated control antisense (both from 
Integrated DNA Technologies) were injected (2 ug in 1 pl) 10 days after AAV1- 
BEST1-Cre was injected in Dicer1"* mice. 

dsRNA isolation. Human eyes were stored in RNAlater (Ambion). Homogenized 
lysates were immunoprecipited with 40 ug of mouse antibody against dsRNA 
(clone J2) for 16h at 4°C. Immunocomplexes were collected on protein A/G 
agarose (Thermoscientific) and dsRNA species were separated and isolated using 
Trizol (Invitrogen) according to the manufacturer’s instructions. Purified dsRNA 
was then ligated to an anchor primer and purified by MinElute Gel extraction 
columns (Qiagen). Ligated dsRNA was then denatured, reverse transcribed into 
cDNA, and amplified by PCR. Amplified cDNA products were cloned into PCRII 
TOPO vector (Invitrogen) and sequenced at the University of Kentucky Advanced 
Genetic Technologies Center. The homology of isolated cDNA sequences to 
known Alu consensus sequences was determined using the CENSOR server”. 
Cell culture. All cell lines were cultured at 37 °C and 5% COs. Primary mouse RPE 
cells were isolated as previously described*® and grown in Dulbecco’s modified 
Eagle’s medium (DMEM) supplemented with 10% FBS and standard antibiotics 
concentrations. Primary human RPE cells were isolated as previously described’ 
and maintained in DMEM supplemented with 20% FBS and antibiotics. Parental 
HCT116 and isogenic Dicerex5 cells” were grown in McCoy’s 5A medium supple- 
mented with 10% FBS. Transient tranfections of plasmid and antisense oligonu- 
cleotides were performed with Lipofectamine2000 (Invitrogen) and Oligofectamine 
(Invitrogen), respectively. Cell viability measurements were performed using the 
CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega) according 
to the manufacturer’s instructions. 

Alu RNA synthesis. Two Alu RNAs were synthesized: a 281-nucleotide Alu 
sequence originating from the cDNA clone TS 103 which is known to be 
expressed in human cells*!, and a 302-nucleotide Alu sequence isolated from 
the RPE of a human eye with GA. Alu RNAs were synthesized using a RNA 
polymerase T7 promoter and runoff transcription followed by gel purification 
as previously described”, yielding ssRNAs that fold into a defined secondary 
structure identical to polymerase III derived transcripts. We also synthesized a 
fully complementary dsRNA form (resembling a polymerase II derived tran- 
script) of the 302-nucleotide human GA Alu using linearized PCRIT TOPO 
plasmid templates using T7 or SP6 RNA polymerases (MegaScript, Ambion) 
according to the manufacturer’s recommendations. After purification, equal 
molar amount of each transcript were combined and heated at 95°C for 1 min, 
cooled and then annealed at room temperature for 24h. The Alu dsRNA was 
precipitated, suspended in water and analysed on 1.4% non-denaturing agarose 
gel using the single-stranded complementary strands as controls. 

Real-time PCR. Total RNA was extracted from tissues or cells using TRIzol 
reagent (Invitrogen) according to manufacturer’s recommendations and were 
treated with RNase free DNase (Ambion). Total RNA (1 1g) was reverse tran- 
scribed as previously described? using qScript cDNA SuperMix (Quanta 
Biosciences). The RT products (CDNA) were amplified by real-time quantitative 
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PCR (Applied Biosystems 7900 HT Fast Real-Time PCR system) with Power 
SYBR green Master Mix. Oligonucleotide primers specific for DICER1 (forward 
5'-CCCGGCTGAGAGAACTTACG-3’ and reverse 5’-CTGTAACTTCGACCA 
ACACCTTTAAA-3’), DROSHA (forward 5'-GAACAGTTCAACCCCGATG 
TG-3' and reverse 5’-CTCAACTGTGCAGGGCGTATC-3’), DGCR8 (forward 
5'-TCTGCTCCTTAGCCCTGTCAGT-3’ and reverse 5’-CCAACACTCCCGC 
CAAAG-3’), EIF2C2 (forward 5'-GCACGGAAGTCCATCTGAAGTC-3’ and 
reverse 5'-CCGGCGTCTCTCGAGATCT-3’), human 18S rRNA (forward 
5'-CGCAGCTAGGAATAATGGAATAGG-3’ and reverse 5’-GCCTCAGTTCC 
GAAAACCAA-3’), Alu (forward 5’-CAACATAGTGAAACCCCGTCTCT-3’ 
and reverse 5'-GCCTCAGCCTCCCGAGTAG-3’), LINE L1.3 (OREF2) (forward 
5'-CGGTGATTTCTGCATTTCCA-3’ and reverse 5'-TGTCTGGCACTCCCT 
AGTGAGA-3’), HERV- WEI (forward 5'-GCCGCTGTATGACCAGTAGCT-3' 
and reverse 5'-GGGACGCTGCATTCTCCAT-3’), human Ro-associated Y3 
(hY3) (forward 5'-CCGAGTGCAGTGGTGTTTACA-3’ and reverse 5'-GGA 
GTGGAGAAGGAACAAAGAAATC-3'), 7SL (forward 5'-CGGCATCAA 
TATGGTGACCT-3’ and reverse 5'-CTGATCAGCACGGGAGTTTT-3’), B1 
(forward 5’-TGCCTTTAATCCCAGCACTT-3’ and reverse 5’-GCTGCTCA 
CACAAGGTTGAA-3’), B2 (forward 5'-GAGTTCAAATCCCAGCAACCA-3' 
and reverse 5'-AAGAGGGTCTCAGATCTTGTTACAGA-3’), Dicerl (forward 
5'-CCCACCGAGGTGCATGTT-3’ and reverse 5’-TAGTGGTAGGAGGCGTG 
TGTAAAA-3’), mouse 18S rRNA (forward 5'-TTCGTATTGCGCCGCTAGA-3' 
and reverse 5'’-CTTTCGCTCTGGTCCGTCTT-3’) were used. The qPCR cycling 
conditions were 50 °C for 2 min, 95 °C for 10 min followed by 40 cycles of a two- 
step amplification program (95 °C for 15s and 58 °C for 1 min). At the end of the 
amplification, melting curve analysis was applied using the dissociation protocol 
from the Sequence Detection system to exclude contamination with unspecific 
PCR products. The PCR products were also confirmed by agarose gel and showed 
only one specific band of the predicted size. For negative controls, no RT products 
were used as templates in the QPCR and verified by the absence of gel-detected 
bands. Relative expressions of target genes were determined by the 2°“"“ method. 
miRNA PCR. miRNA abundance was quantified using the All-in-One miRNA 
qRT-PCR Detection Kit (GeneCopoeia). Briefly, total RNA was polyadenylated 
and reverse transcribed using a poly dT-adaptor primer. Quantitative RT-PCR 
was carried out using a miRNA-specific forward primer and universal reverse 
primer. PCR products were subjected to dissociation curve and gel electrophoresis 
analyses to ensure that single, mature miRNA products were amplified. Data were 
normalized to ACTB levels. The forward primers for the miRNAs were as follows: 
miR-184 (5'-TGGACGGAGAACTGATAAGGGT-3’); miR-221/222 (5’-AGC 
TACATCTGGCTACTGGGT-3’); miR-204/211 (5’-TTCCCTTTGTCATCCT 
TCGCCT-3'); miR-877 (5'-GTAGAGGAGATGGCGCAGGG-3’);_ miR-320a 
(5'-AAAAGCTGGGTTGAGAGGGCGA-3’); miR-484 (5'-TCAGGCTCAGTC 
CCCTCCCGAT-3’); let-7a (5'-TGAGGTAGTAGGTTGTATAGTT-3’). The 
reverse primers were proprietary (Genecopoeia). The primers for ACTB were 
forward (5'-TGGATCAGCAAGCAGGAGTATG-3’) and reverse (5'-GCATT 
TGCGGTGGACGAT-3’). 

Western blot. Tissues were homogenized in lysis buffer (10 mM Tris base, pH 7.4, 
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% Triton X-100, 0.5% NP-40, protease 
and phosphatase inhibitor cocktail (Roche)). Protein concentrations were deter- 
mined using a Bradford assay kit (Bio-Rad) with bovine serum albumin as a standard. 
Proteins (40-100 1g) were run on 4-12% Novex Bis-Tris gels (Invitrogen). The 
transferred membranes were blocked for 1h at room temperature and incubated 
with antibodies against DICER1 (1:1,000, ref. 45; or 1:200, Santa Cruz Biotechnology) 
at 4°C overnight. Protein loading was assessed by immunoblotting using an anti- 
Tubulin antibody (1:1,000; Sigma-Aldrich). The secondary antibodies were used 
(1:5,000) for 1 h at room temperature. The signal was visualized by enhanced chemi- 
luminescence (ECL Plus) and captured by VisionWorksLS Image Acquisition and 
Analysis software (Version 6.7.2, UVP, LLC). Densitometry analysis was performed 
using ImageJ (NIH). The value of 1 was arbitrarily assigned for normal eye samples. 
RNA polymerase inhibition. Human RPE cells were transfected with DICER or 
control antisense oligonucleotides using Lipofectamine 2000. After a change of 
medium at 6h, the cells were incubated with 451M tagetitoxin (Epicentre 
Technologies, Tagetin) or 10 1g ml * «-amanitin (Sigma-Aldrich) and the total 
RNA was collected after 24h. 

Cell viability. MTS assays were performed using the CellTiter 96 AQueous One 
Solution Cell Proliferation Assay (Promega) according to the manufacturer's 
instructions. 
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Structure and mechanism of the 
hexameric MecA-ClpC molecular 


machine 


Feng Wang!*, Ziqing Mei’*, Yutao Qi', Chuangye Yan', Qi Hu’, Jiawei Wang! & Yigong Shi! 


Regulated proteolysis by ATP-dependent proteases is universal in all living cells. Bacterial ClpC, a member of the Clp/ 
Hsp100 family of AAA+ proteins (ATPases associated with diverse cellular activities) with two nucleotide-binding 
domains (D1 and D2), requires the adaptor protein MecA for activation and substrate targeting. The activated, 
hexameric MecA-ClpC molecular machine harnesses the energy of ATP binding and hydrolysis to unfold specific 
substrate proteins and translocate the unfolded polypeptide to the ClpP protease for degradation. Here we report three 
related crystal structures: a heterodimer between MecA and the amino domain of ClpC, a heterododecamer between MecA 
and D2-deleted ClpC, and a hexameric complex between MecA and full-length ClpC. In conjunction with biochemical 
analyses, these structures reveal the organizational principles behind the hexameric MecA-ClpC complex, explain the 
molecular mechanisms for MecA-mediated ClpC activation and provide mechanistic insights into the function of the 
MecA-ClpC molecular machine. These findings have implications for related Clp/Hsp100 molecular machines. 


ATP-dependent proteases are exemplified by the bacterial complexes 
ClpAP, ClpCP and ClpXP, and the eukaryotic and prokaryotic pro- 
teasomes’®. Each of these degradation machines consists of an ATP- 
dependent, protein-unfolding unit, namely ClpA, ClpC, ClpX or the 
regulatory particle of the proteasome, and a protease unit, such as 
ClpP or the core particle of the proteasome. ClpA, ClpC and ClpX 
belong to the Clp/Hsp100 family of AAA+ proteins, which also 
include the molecular chaperones ClpB and Hsp104 (the orthologue 
of ClpB in yeast). ClpA, ClpC and ClpX recognize and unfold specific 
substrate proteins and translocate the unfolded polypeptide to ClpP 
for degradation, whereas ClpB and Hsp104 use the energy of ATP 
binding and hydrolysis to rescue misfolded and aggregated proteins”. 
ClpX belongs to class 2 of the Clp/Hsp100 family, bearing one 
nucleotide-binding domain, whereas ClpA, ClpB, ClpC and Hsp104 
belong to class 1, each containing two nucleotide-binding domains, 
known as D1 and D2. 

The functional form of the Clp/Hsp100 proteins is hexameric. At 
present, no atomic structure is known for any oligomeric complex of 
class 1 Clp/Hsp100 proteins, which restricts mechanistic understand- 
ing of the ClpAP, ClpCP, ClpB and Hsp104 complexes. This picture is 
further confounded by contrasting claims about the overall architec- 
ture of the functional complexes. ClpB and Hsp104, which have con- 
siderable sequence similarity, have been proposed to adopt different 
hexameric structures, with their characteristic M domain placed on 
either the exterior'’’’ or the interior'*”’ of the complex. These two 
incompatible models lead to different interpretations””* for biochemical 
observations and await independent clarification. 

Similar to ClpB and Hsp104, ClpC also contains an M domain. In 
contrast to ClpA and ClpB/Hsp104, formation of the functional ClpC 
complex or assembly of the ClpCP degradation machine requires the 
adaptor protein MecA”’ (Supplementary Fig. 1a). MecA is also respons- 
ible for recruitment of specific substrate proteins such as ComK'*””. 
Paradoxically, MecA is degraded along with ComK”, resulting in the 
disassembly of the ClpCP protease’. The molecular mechanisms 


behind these observations remain largely enigmatic. In particular, 
how MecA facilitates formation of the functional ClpC complex and 
the ClpCP degradation machine remains unknown. 

Our current study demonstrates how MecA controls the assembly 
and activation of the ClpC hexamer, reveals the organizational principles 
of the hexameric Clp/Hsp100 proteins, resolves the controversy about 
the hexameric models of ClpB and Hsp104, and suggests how the 
MecA-ClpC molecular machine may recognize and unfold substrate 
proteins. 


Dissection of the MecA-ClpC interactions 

A carboxy-terminal domain of MecA (residues 121-218, or MecA121) 
was recently found to target a variety of fusion proteins to the ClpCP 
protease for degradation*'. MecA121 facilitates hexamerization of 
ClpC and allows the activated ClpC complex to associate stably with 
ClpP*". Both the N-domain (residues 1-150) and the D1-M portion 
(residues 150-485) of ClpC formed a stable complex with MecA121 
(Supplementary Figs 1b and 2). By contrast, D2 failed to interact with 
MecA121. These observations are consistent with a published report'” 
and suggest that MecA121 may use different surface areas to interact 
with the N domain and the D1-M portion of ClpC. 

Next we determined the crystal structures of the ClpC N domain in 
isolation and in complex with MecA121 (Fig. la, Supplementary 
Table 1 and Supplementary Fig. 3a, b). The structure of the ClpC N 
domain, which comprises eight «-helices, is similar to that of the ClpA 
or ClpB N domain'’”*”* (Supplementary Fig. 3c, d). In the complex, 
helix «2 of MecA121 stacks against three a-helices of ClpC (Fig. 1a). 
This interface contains seven intermolecular hydrogen bonds and a 
number of van der Waals contacts (Fig. 1b, c). Notably, Glu 184 of 
MecA, located at the C terminus of «2, accepts three intermolecular 
hydrogen bonds from Thr 31 and Thr 81. Asn 177 of MecA, at the N 
terminus of «2, forms two hydrogen bonds with Arg 122 and Asn 126. 

Glu 184, invariant among MecA homologues, seems to have a 
central role in complex formation. The mutation Glu 184 Arg in 
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Figure 1 | A binary complex between MecA121 and the ClpC N domain. 
a, Overall structure of the complex between MecA121 (green) and ClpC N 
domain (blue). Interactions identified by magenta and blue boxes are detailed 
in b and c. All structural figures were prepared using PYMOL”. b, Close-up 
view of the interactions around Glu 184. Hydrogen bonds are represented by 
red, dashed lines in all figures. c, Close-up view of the interactions around 
Asn 177 of MecA. d, Results of activity assays on the ClpC and MecA mutants. 
Error bars, s.d. of three sets of experiments. e, The MecA—ClpC N-domain 
interactions resemble those between ClpS and the ClpA N domain. Glu 184 of 
MecA and Glu79 of ClpS have a similarly key role in binding to the N domains 
of ClpC and ClpA, respectively. 


MecA abrogated its interaction with the ClpC N domain (Sup- 
plementary Fig. 4a) and removed the ability of MecA to activate 
ClpC or to form the MecA-ClpCP protease”. The mutation T31A 
in ClpC also severely compromised its ability to form a hexameric 
complex with MecA (data not shown). Using in vitro assays, we 
demonstrated that, while the WT MecA-ClpC complex hydrolysed 
ATP, unfolded the substrate protein GFP-ComK, and in the presence 
of ClpP led to substrate degradation (Supplementary Fig. 4b-d), the 
mutations Thr 31 Ala in ClpC and Glu 184 Arg in MecA markedly 
reduced these activities (Fig. 1d). The mutations Thr 81 Ala in ClpC 
and Asn 177 Ala in MecA also led to reduced activities. 

Unexpectedly, the interactions between MecA121 and the N domain 
of ClpC resemble those between ClpS and the N domain of ClpA”*”* 
(Fig. le). Both MecA and ClpS primarily use a single -helix to interact 
with a similar region of the N domains of ClpC and ClpA, respectively. 
Strikingly, Glu 184 of MecA, which accepts three hydrogen bonds from 
Thr 31 and Thr 81 of ClpC, occupies the same position as Glu 79 of ClpS, 
which forms two hydrogen bonds with Glu 28 and Thr 81 of ClpA. The 
mimicry of interaction is echoed by the finding that ClpS directly inter- 
acted with ClpC in Synechococcus elongatus’’, which, coincidentally, has 
no obvious MecA orthologue. 


Structure of a hexameric MecA-ClpC complex 


To understand how MecA facilitates assembly of the ClpC hexamer, we 
crystallized a stoichiometric complex between MecA121 and a ClpC 
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variant with D2 deleted (ClpC-AD2; residues 1-485, Glu 280 Ala, 
A247-251 and A281-292). The structure was determined at a resolu- 
tion of 3.65 A (Supplementary Table 2 and Supplementary Figs 5 and 
6a). Six molecules of MecA121 and six molecules of ClpC-AD2 
assemble into a basket-shaped complex with a height of 75 A anda 
maximum diameter of 150 A (Fig. 2a). At the wide end of the basket, six 
molecules of MecA121 interdigitate with six ClpC N domains to forma 
closed ring that is distal to the ClpP protease. At the narrow end of the 
basket, six D1 domains form a second ring, through an interface that is 
similar to that of other AAA+ proteins such as NSF*” (Fig. 2b and 
Supplementary Fig. 6b). The six M domains are located on the exterior 
of the basket, connecting the two closed rings. These M domains, each 
comprising a pair of coiled coils, emanate from the D1 ring (Fig. 2c) 
and reach out to interact with MecA121 of the distal ring. 

The general features of the hexameric complex of ClpC-AD2 are 
consistent with those of the electron-microscopy-based model of 
ClpB'” and are incompatible with those suggested for Hsp104'*””. 
Specifically, the position of the M domain and the packing interface 
between adjacent D1 subunits in our X-ray structure are similar to 
those proposed for ClpB’’. By contrast, the M domains of Hsp104 were 
placed mainly within the D1 ring, separating two neighbouring D1 
domains'*’°. This organization results in an unusual packing pattern 
for D1 and D2 of Hsp104, which differs from the conserved packing 
interactions for known AAA-+ proteins. 

The M domain of ClpC contains 58 amino acids (411-468); by 
contrast, the M domain of ClpB contains 110 residues (Supplementary 
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Figure 2 | Structure of the hexameric complex between MecA121 and ClpC- 
AD2. a, Surface representation of the hexameric MecA121-ClpC-AD2 
complex in three related views. b, The D1 ring does not directly interact with the 
distal ring. Their interactions are bridged exclusively by the M domains. 

c, Close-up view of the structure of the D1-M ring. Note the elongated 
organization of the DI-M domains from one ClpC molecule. 
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Fig. 7). The M domain of ClpC corresponds to the N-terminal half of 
the M domain in ClpB, known as motif 1, and lacks the C-terminal half, 
or motif 2, which directly interacts with the large domain of D1 in the 
structure of monomeric ClpB"'. Superposition of the D1 domains of 
ClpB and ClpC revealed that their N domains are separated by a 
distance of approximately 50 A and that the M domains are at an angle 
of about 60°. 


Interface between MecA and ClpC 


A single ClpC-AD2 molecule has an extended architecture (Fig. 3a). 
Formation of the hexameric complex involves four discrete interfaces 
between MecA and ClpC: two in the distal ring, one in the D1 ring, 
and one between the M domain and MecA121 (Fig. 3b). In the distal 
ring, six heterodimers of MecA121-ClpC N domain interact with 
each other through polar contacts. Glu198 and Tyr 199 of MecA 
are within hydrogen-bonding distance of Arg9, Thr105 and 
Glu 106 in the N domain of ClpC (Fig. 3b). The three mutations 
Glu 198 Ala, Tyr 199 Ala and Lys 201 Asp in MecA weaken its binding 
to ClpC, abrogate the assembly of the MecA-ClpCP protease** and 
fail to hydrolyse ATP or unfold substrate (Fig. 3c). The two mis-sense 
mutations Arg 9 Glu and Glu 106 Arg also compromise the ability of 
ClpC to form a hexameric complex with MecA (Supplementary Fig. 8) 
and markedly reduce ATPase activity and substrate unfolding in the 
presence of MecA (Fig. 3c). 

Three charged amino acids, Arg 198, Arg 199 and Asp 396, which 
are invariant among ClpA, ClpB/Hsp104 and ClpC, map to the inter- 
face between two adjacent D1 domains (Fig. 3b). Arg 332, which 
corresponds to the arginine finger, is also located at this interface. A 
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double mutation of these amino acids, Arg 198 Ala/Arg 199 Ala, and 
the individual mutations Arg 332 Ala and Asp 396 Ala compromise 
formation of the hexameric MecA-ClpC complex (Supplementary 
Fig. 8) and nearly abrogate ATPase activity and substrate unfolding 
(Fig. 3d). The invariant nature of these amino acids suggests a con- 
served packing interface among the Clp/Hsp100 family proteins. 

The M domain binds to MecA through a mixture of van der Waals 
contacts and polar interactions (Fig. 3b). Notably, Phe 436 of ClpC is 
nestled in a hydrophobic pocket formed by seven MecA residues: 
Phe 136, Ile 203, Ie204, Thr211, e212, His215 and Phe216. 
These interactions are surrounded by a number of polar and charged 
amino acids, Glu 137, Ser 156 and Tyr 161 of MecA and Asp 428, 
Gln 432 and Arg 443 of ClpC. The mutation Phe 436 Ser in ClpC 
abolishes formation of the hexameric MecA-ClpC complex (Sup- 
plementary Fig. 8) and abrogates the ATPase and substrate unfolding 
activities (Fig. 3e). By contrast, the mutation Asp 428 Ala in ClpC has 
little impact on the assembly of the MecA-ClpC hexamer (Sup- 
plementary Fig. 8) but markedly reduces the ATPase activity and sub- 
strate unfolding (Fig. 3e). Two double mutations in MecA, Asp 135 Lys/ 
Glu 13 Lys and Ile 203 Arg/Tle 204 Arg, abrogate ATPase activity, sub- 
strate unfolding and ClpP-dependent substrate degradation. 


Architecture of the MecA-ClpC molecular machine 

After numerous trials, we generated crystals of the hexameric complex 
between MecA108 and the full-length ClpC (Glu 280 Ala, Glu 618 Ala, 
A247-251, A281-292, A587-596 and A665-685). The structure was 
determined at a resolution of 6.9 A by molecular replacement (Sup- 
plementary Table 2 and Supplementary Fig. 9). The MecA-ClpC 
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Figure 3 | Recognition interface between MecA121 and ClpC-AD2. 

a, Structure of a single ClpC-AD2 molecule bound to MecA121, shown as a 
ribbon diagram (top) and in surface view (bottom). b, Three of the four 
interfaces between MecA121 and ClpC-AD2, shown in close-up. c, Mutational 
analysis of the interface between MecA121 and the N domain of ClpC. The 


three mutations in MecA are Glu 198 Ala, Tyr 199 Ala and Lys 201 Asp. 

d, Mutational analysis of the interface between two adjacent D1 domains of 
ClpC. e, Mutational analysis of the interface between MecA121 and the M 
domain of ClpC. Error bars, s.d. of three sets of experiments. 
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molecular machine measures 120 A in height and 150 A in diameter 
and comprises three closed rings (Fig. 4a). Each ClpC molecule has an 
extended appearance, with its N domain, D1 and D2 separated from 
each other (Fig. 4b). The overall size of the D2 ring, with an exterior 
diameter of approximately 135 A, is greater than that of the D1 ring 
(Fig. 4c). At the resolution limit of 6.9 A, the six D2 domains, which are 
responsible for binding to the ClpP protease, seem to be less tightly 
packed together in comparison with the D1 ring. In addition, the six D2 
domains have an asymmetric appearance. Such asymmetry, which is 
more striking in the hexameric ClpX structure”, is likely to be essential 
for the function of the D2 ring. 


Biochemical analysis 


We performed structure-guided mutational analysis on the two nuc- 
leotide-binding domains. Mutation of the Walker B residue Glu 280 Ala 
in ClpC reduces the ATPase activity by 22% (Fig. 4d). By contrast, 
ATPase reduction by the Walker B mutation Glu618 Ala in D2 is 
85%, suggesting that the D2 domain may contribute to the majority 
of ATPase activity. Neither of the two Walker B mutations affects 
assembly of the hexameric MecA-ClpC complex (Supplementary 
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Figure 4| Architecture of the MecA-ClpC molecular machine. a, Overall 
structure of the hexameric complex between MecA108 and full-length ClpC. 
One ClpC molecule and the associated MecA are colour-coded; all other 
molecules are shown in grey. b, Structure of a single ClpC molecule bound to 
MecA108 has an extended organization. c, Close-up comparison of the three 
closed rings in the MecA-ClpC complex. d, Functional consequences of 
mutations that target the Walker A and Walker B motifs. e, Functional 
consequences of pore loop deletions in the D1 and D2 domains of ClpC. The D1 
domain contains pore loop 1 (Lys 252-Tyr 253-Arg 254-Gly 255) and pore loop 
2 (Gly 286-Ala 287-Gly 288-Gly 289-Ala 290), whereas the D2 domain only has 
one pore loop (Gly 592-Tyr 593-Val 594-Gly 595). f, Functional consequences 
of mis-sense mutations in the pore loops of the D1 and D2 domains. Error bars, 
s.d. of three sets of experiments. 
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Fig. 10). Despite retaining the bulk of ATPase activity, ClpC- 
Glu 280 Ala nearly abrogates the ability to unfold GFP-ComK in the 
presence of MecA. Together with the fact that ClpC-Glu 280 Ala still 
recognizes the substrate (data not shown), these observations suggest 
that the D1 domains probably have a major role in substrate unfolding. 
Supporting this analysis is the fact that although ClpC-Glu618 Ala 
retained only about 15% ATPase activity, it exhibits 50% of the wild-type 
substrate unfolding activity (Fig. 4d). Nonetheless, ClpC-Glu 618 Ala 
has only 10% of the wild-type substrate degradation, suggesting that 
the D2 ring may facilitate translocation of the unfolded substrate 
protein into the ClpP protease. In contrast to the Walker B mutations, 
the two Walker A mutations Lys 214 Gln and Lys 551 Gln compromise 
the assembly of the hexameric MecA-ClpC complex (Supplementary 
Fig. 10); these mutants have sharply reduced ATPase activities. 

Next we examined the impact of deleting pore loops in D1 and D2. 
The Clp/Hsp100 proteins contain two invariant pore loops, the Lys- 
Tyr-Arg-Gly loop* (pore loop 1) in D1 and the Gly-Tyr-Val-Gly loop 
in D2 (Supplementary Fig. 5). D1, but not D2, also contains a second 
conserved pore loop (pore loop 2), Gly-Ala-Gly-Gly-Ala. Deletion of 
either pore loop in D1 reduces ATPase activity by 80% and abrogate 
substrate unfolding and degradation (Fig. 4e). By contrast, deletion of 
the Gly-Tyr-Val-Gly loop leads only to reduction of ATPase activity, 
substrate unfolding and degradation. Removal of the ClpP-binding 
loop in ClpC has little impact on ATPase activity or substrate unfold- 
ing but abolishes substrate degradation. All these mutants retain the 
same ability as wild-type ClpC to form a stable hexameric complex 
with MecA (data not shown). Except for the ClpC mutant with the 
ClpP-binding loop deleted, all other ClpC mutants retain interactions 
with ClpP (data not shown). 

To pinpoint the key amino acids, we generated three ClpC variants: 
Tyr 253 Ala in the Lys-Tyr-Arg-Gly loop, which is thought to contact 
the substrate polypeptide chain*’, Ala 287 Asp/Gly 288 Asp in the Gly- 
Ala-Gly-Gly-Ala loop and Tyr 593 Ala in the Gly-Tyr-Val-Gly loop. 
Although ClpC-Tyr 253 Ala and ClpC-Ala 287 Asp/Gly 288 Asp have 
quite different impacts on ATPase activity, both mutations abolish 
unfolding and degradation of substrate protein (Fig. 4f). By contrast, 
ClpC-Tyr 593 Ala reduces, but fails to abrogate, substrate unfolding 
and degradation. These observations confirm the essential role of the 
pore loops in the D1 ring. On the basis of the biochemical data and 
general knowledge of the field, we propose a speculative model for the 
MecA-ClpC molecular machine (Supplementary Fig. 11). 


Discussion 


Crystallization of oligomeric AAA+ proteins is hindered by conforma- 
tional heterogeneity of the individual AAA+ domains, as exemplified by 
the presence of only one atomic structure of a complete hexameric 
AAA+ protein containing two nucleotide-binding domains, that of 
p97***. Protein engineering is frequently used to facilitate crystallization 
by trapping AAA + proteins in the restrained conformation. In our study, 
deletion of four internal loops, which nearly abolished ATPase activity 
and substrate unfolding, proved to be essential for appropriate crystal- 
lization. The hexameric complex between MecA121 and ClpC-AD2 was 
crystallized in the absence of exogenous nucleotides. Careful examina- 
tion of the electron density map failed to reveal any bound nucleotides in 
ClpC, which was consistent with results of mass spectrometry. The com- 
plex between MecA108 and the full-length ClpC was crystallized in the 
presence of AMP-PNP (5'-adenylyl-imidodiphosphate). Unfortunately, 
the low resolution, of 6.9 A, did not allow unambiguous determination 
of whether AMP-PNP is bound. 

Unlike other Clp/Hsp 100 proteins, ClpC can form only a functional, 
hexameric complex in the presence of MecA”’. Our crystal structure 
reveals the mechanism by which MecA facilitates the hexamerization 
of ClpC. MecA interacts with ClpC through three interfaces, involving 
a buried surface area of 2,400 A” for each MecA molecule. These inter- 
actions are expected to strengthen drastically the otherwise transient 
interactions within the D1 and D2 rings of ClpC. 
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METHODS SUMMARY 


We expressed and purified ClpC and MecA variants, ClpP and ComK as previ- 
ously described*'**. To improve crystal quality, we deleted four loops in ClpC, two 
in D1 (residues 247-251 and 281-292) and two in D2 (residues 587-596 and 665- 
685), and introduced Walker B mutations Glu 280 Ala and Glu618 Ala in the 
Walker B motifs of the D1 and D2 domains, respectively. Assays for ATPase 
activity, unfolding and degradation were preformed as previously described”. We 
grew all crystals by the hanging-drop vapour diffusion method. The data sets were 
processed using Bruker PROTEUM2* and XDS”’, HKL2000** and the CCP4 
suite’. We determined the heavy-atom positions for crystals of the ClpC N 
domain alone using SHELXD* and refined them using PHASER". All other 
structures were determined by molecular replacement. All structures were refined 
using PHENIX”. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Protein preparation. All clones were generated using a standard PCR-based 
cloning strategy and the identities of individual clones were verified through 
double-strand plasmid sequencing. ClpC and MecA variants, and ClpP and 
ComK used for biochemical assays, were expressed and purified as described 
previously”'**. In addition, GFP-ComK for unfolding assays was overexpressed 
in Escherichia coli strain BL21 (DE3) using the PLM303 vector (a derivative of 
pET-27a) and purified as described for ComK*™*. 

For crystallization, the ClpC N domain and the stoichiometric complex 
between MecA121 and the ClpC N domain were obtained using a Superdex- 
200 column (10/30, GE Healthcare). To improve the X-ray diffraction limit of 
the crystals for the complexes between MecA121 and ClpC-AD2 or full-length 
ClpC, we deleted two or four internal loop sequences, respectively, in the D1 
domain (residues 247-251 and 281-292) or D1/D2 domains (residues 247-251, 
281-292, 587-596 and 665-685). The selection of these loops was based on 
sequence alignment among ClpA, ClpB and ClpC; the ClpC sequences that 
correspond to the surface loops that are disordered in the ClpA/ClpB monomer 
structures were presumed to affect crystal packing negatively. Indeed, such practice 
resulted in marked improvement of the X-ray diffraction limit. To prevent potential 
problems associated with ATP hydrolysis, we introduced mis-sense mutations 
(Glu 280 Ala, Glu618 Ala) in the Walker B motif in the D1 and D2 domains. 
MecA121 and ClpC-AD2 or full-length ClpC were co-expressed in E. coli 
BL21(DE3) using the vectors pGEX-6P-1 (GE Healthcare) and pBB75 (Novagen), 
respectively. The complexes were purified over GS4B resin (GE Healthcare) and 
cleaved by PreScission Protease (GE Healthcare), followed by anion-exchange chro- 
matography (Source-15Q, GE Healthcare) and gel filtration (Superdex-200). The 
concentrations of proteins were determined by spectroscopic measurement at 
280 nm. All recombinant proteins were characterized by gel filtration. 

ATPase assay. The ATPase activity of ClpC was determined in the presence of 
MecA using a coupled spectrophotometric assay**’. All reactions were carried out 
at 37 °C in 1.8 ml of reaction mixture containing100 mM HEPES, pH 7.5, 100 mM 
KCI, 20 mM ATP, 20 mM MgCl, 1 mM NADH, 2 mM phosphoenolpyruvate, 50 
units ml” ' lactate dehydrogenase and 50 units ml”! pyruvate kinase. In these 
reactions, ClpC variants and MecA variants were fixed at 2 uM and 3 1M, respec- 
tively. The reaction was monitored continuously by following the formation of 
NAD* at 340 nm ona PerkinElmer Life Sciences Lambda 45 spectrophotometer 
equipped with a magnetic stirrer in the cuvette holder. The concentrations of 
ADP generated were determined using a molar extinction coefficient of 
6,220cm~'M! for NADH at 340 nm. The concentrations of all proteins were 
determined spectrophotometrically on the basis of their molar extinction coeffi- 
cients calculated from their amino-acid sequences. 

Unfolding assay. The unfolding assay was modified from a published protocol”. 
Fluorescence measurement of GFP, with an excitation wavelength of 400 nm and 
an emission wavelength of 510 nm, was performed on a Hitachi fluorescence 
spectrometer F4600. The unfolding reactions were carried out at 37°C in 
100 mM HEPES, pH 7.5, 100 mM KCl, 20 mM ATP, 20 mM MgCl), 2 mM phos- 
phoenolpyruvate and 50 unitsml~' pyruvate kinase. In these reactions, ClpC 
variants and MecA variants were added at 21M and 3 |tM, respectively. GFP- 
ComK was used at 61M. We serendipitously discovered that, once unfolded, 
GFP-ComkK precipitated out of solution and was unable to refold spontaneously. 
Consequently, unfolding assays performed in the presence and absence of the 
GroEL-trap mutant** gave rise to identical results for the first 100 s; these were 
used to calculate the unfolding rate. Precipitation of the unfolded GFP-ComK 
protein did not affect measurement of the fluorescence signal. These observations 
allowed us to perform the unfolding assays in the absence of the GroEL-trap 
mutant. 

ClpCP degradation assay. In vitro degradation assays were carried out as 
described previously’’”°®. ClpC and ClpP were added at a final concentration of 
4uM. All MecA variants and ComK or GFP-ComK were added at 6 uM final 
concentration. The bands on SDS-polyacrylamide gel electrophoresis (SDS- 
PAGE) were quantified with Quantity One software (Bio-Rad) to determine 
the substrate degradation rate. All protein concentrations reported in this manu- 
script refer to those of the monomers, regardless of the oligomerization states of 
the proteins. 

Interaction assay by gel filtration. Size exclusion chromatography, using a 
Superdex-200 column (10/30, GE Healthcare), was used to examine protein 
interactions. In all cases, proteins were incubated at 4°C for at least 45 min to 
allow equilibrium to be reached. The flow rate was 0.5 ml min !, and the buffer 
contained 10mM Tris, pH 8.0, 150 mM NaCl, 2mM dithiothreitol and 2mM 
ATP (unless otherwise indicated). All fractions were collected at 0.5 ml each. 
Aliquots of relevant fractions were mixed with SDS sample buffer and subjected 
to SDS-PAGE. The proteins were visualized by Coomassie blue staining. The 
column was calibrated with molecular mass standards. 


Crystallization. Crystals were grown by the hanging-drop vapour diffusion 
method by mixing an equal volume of sample (10-15 mg ml _') in 10 mM Tris- 
HCl, pH 8.0, and 150mM NaCl with reservoir solution at 18 °C. Crystals of the 
ClpC N domain were grown from the reservoir buffer containing 2.0 M (NH4)2SO4 
and 100mM sodium acetate, pH 4.6. Crystals of MecA121 bound to ClpC N 
domain were grown from the reservoir buffer that contained 20% (w/v) PEG 
3350, 300 mM ammonium tartrate and 6 mM N-nonyl-B-p-maltopyranoside. 

We prepared a stoichiometric complex between MecA121 and the wild-type 
ClpC protein with the D2 domain deleted (residues 1-485, referred to as ClpC- 
AD2). Introduction of a walker B mutation Glu 280 Ala allowed crystallization of 
this complex under several conditions. However, none of these crystals diffracted 
X-rays beyond a resolution of 5 A. Reasoning that the poor diffraction might be 
caused by flexible surface loops, we generated a large number of ClpC variants, 
each containing deletion of one or two surface loops. Serendipitously, removal of 
residues 247-251 and 281-292 markedly improved the crystal diffraction limit. 
MecA121 in complex with ClpC-AD2 (Glu 280 Ala, A247-251, A281-292) was 
crystallized in the reservoir solution containing 12% PEG 3350, 450 mM sodium 
malonate and 100 mM MES, pH 7.0. 

After numerous trials, we generated crystals of the hexameric complex between 
MecA121 and full-length ClpC with Walker B mutations Glu 280 Ala/ 
Glu 618 Ala, which unfortunately suffered from the recurring problem of poor 
diffraction. Taking advantage of the lessons learned from our prior effort, we were 
able to improve the X-ray diffraction limit to approximately 8 A by removing four 
internal loops, residues 247-251, 281-292, 587-596 and 665-685. Deletion of 
residues 665-685 resulted in the removal of the ClpP-binding loop*®. A longer 
version of MecA (residues 108-218, hereafter referred to as MecA108) further 
improved the resolution limit to about 6.9 A. To obtain the crystal of MecA108 
bound to full-length ClpC (Glu280 Ala, Glu618 Ala, A247-251, A281-292, 
A587-596 and A665-685), 5mM AMP-PNP was added to the protein solution 
and incubated before crystallization. Crystals were grown in the drops against the 
reservoir buffer containing 10% PEG 3350, 400mM magnesium formate and 
100 mM MES, pH 6.9. 

X-ray data collection. The native data and the iodine-soaked single-wavelength 
anomalous dispersion (SAD) data of ClpC N domain and the native data of the 
binary complex between MecA121 and ClpC N domain were collected on our 
home X-ray diffractometers. These data sets were processed using Bruker 
PROTEUM2* and XDS”’. The native data of the complex between MecA121 
and ClpC-AD2 (Glu 280 Ala, A247-251, A281-292) and between MecA108 and 
full-length ClpC (Glu 280 Ala, Glu 618 Ala, A247-251, A281-292, A587-596 and 
A665-685) were collected at the SPring-8 beamline BL41XU and the Shanghai 
Synchrotron Radiation Source. Because the long dimension of the unit cell is 
much larger than the other two for these two crystals, a bent cryo-loop was used 
to orient the long axis of the crystals to be more or less parallel to the goniostat 
spindle axis, to avoid overlap of the diffraction spots. The synchrotron data sets 
were integrated and scaled using the HKL2000 package”. Further data processing 
was carried out using programs from the CCP4 suite*’. Data collection statistics 
are summarized in Supplementary Tables 1 and 2. 

Structural determination. The iodine positions in the Nal-derived crystal of 
ClpC N domain were determined using the program SHELXD”’. The identified 
iodine sites were refined and the initial phases were generated in the program 
PHASER" with the SAD experimental phasing module. Solvent flattening and 
histogram matching were performed using DM”. The initial model was traced 
automatically using the program BUCCANEER™, and was manually rebuilt in 
COOT™. The final structure was refined with PHENIX”. 

The structure of the binary complex between MecA121 and ClpC N domain 
was determined with molecular replacement using the models of ClpC N domain 
from above and MecA121 (PDB ID, 3JTP™). The structure of the complex 
between MecA121 and ClpC-AD2 (Glu 280 Ala, A247-251, A281-292) was 
solved with molecular replacement using the atomic coordinates of the complex 
between MecA121 and ClpC N domain and the ClpB D1 model (PDB ID, 
1QVR"). The electron density that corresponds to residues 143-154 was weak 
and did not allow unambiguous assignment of side chains. All these structures 
were refined using PHENIX” with restraints, including stereochemistry, non- 
crystallographic symmetry and main-chain hydrogen bonds. 

The Matthews coefficient of the complex crystal between MecA108 and full- 
length ClpC (Glu 280 Ala, Glu618 Ala, A247-251, A281-292, A587-596 and 
A665-685) indicates that only half of the hexamer is present in one asymmetric 
unit. Half of the hexameric complex between MecA121 and ClpC-AD2 
(Glu 280 Ala, A247-251, A281-292) was used as the search model to solve this 
structure with molecular replacement. One obvious solution was obtained with 
the space group P6522. Next, the atomic coordinates of the ClpC D2 domain (Qi 
et al., work in progress) was also searched with the above MecA121 and ClpC- 
AD2 coordinates fixed. Three D2 molecules were found despite the relatively low 
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resolution of the data, 6.9 A. The final structure was refined with PHENIX””, only 
using the rigid-body refinement of individual domains and group ADP parameter 
for the whole domain. 
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The TrkH/TrkG/KtrB proteins mediate K* uptake in bacteria and probably evolved from simple K* channels by multiple 
gene duplications or fusions. Here we present the crystal structure of a TrkH from Vibrio parahaemolyticus. TrkH is a 
homodimer, and each protomer contains an ion permeation pathway. A selectivity filter, similar in architecture to those 
of K* channels but significantly shorter, is lined by backbone and side-chain oxygen atoms. Functional studies showed 
that TrkH is selective for permeation of K* and Rb* over smaller ions such as Na* or Li* . Immediately intracellular to the 
selectivity filter are an intramembrane loop and an arginine residue, both highly conserved, which constrict the 
permeation pathway. Substituting the arginine with an alanine significantly increases the rate of K* flux. These 
results reveal the molecular basis of K* selectivity and suggest a novel gating mechanism for this large and important 


family of membrane transport proteins. 


K” is highly concentrated in all living cells and plays diverse physio- 
logical roles such as setting membrane potential’, regulating turgor 
pressure? and maintaining intracellular pH*°. Because K” is virtually 
impermeable to the cell membrane, specialized K* transporters have 
evolved to mediate its uptake. In animal cells, K* uptake is mainly 
achieved by the Na‘ /K*-ATPase®, whereas in non-animal cells, the 
task is shared by at least two different systems, one of which, the 
superfamily of K* transporters (SKT proteins)’, is the focus of this 
research. 

An SKT protein has four tandem domains with low homology to 
each other, each resembling a single protomer from a simple K* - 
channel with a predicted M1-P-M2 transmembrane topology*”’. 
M1 and M2 are transmembrane helices that are connected by P, the 
re-entrant pore loop, which is composed of a half-membrane- 
spanning helix followed by an extended loop!". In K* channels, the 
half-membrane-spanning helix is called the pore helix, and the 
extended loop harbours the highly conserved signature sequence 
TVGYG, which forms the selectivity filter responsible for the coordi- 
nation of K*. In SKT proteins, the equivalent sequences in the P-loops 
are less strictly conserved. It has been proposed that SKT proteins 
have a structure that resembles K* channels", Results from func- 
tional studies have been consistent with this view: mutating a con- 
served glycine residue in the P-loops changes ion selectivity of SKT 
proteins in bacteria”’’ and plants"*; whereas epitope tagging of a yeast 
SKT protein showed that its transmembrane topology is consistent 
with four M1-P-M2 repeats”. 

Studies have shown that the selectivity of K* channels is highly sensi- 
tive to changes to the structure of the selectivity filter. Introducing point 
mutations to the signature sequence of KY channels compromises K* 


selectivity’; and the NaK channel, which has a slightly modified sig- 
nature sequence of TVGDG resulting in an altered selectivity filter con- 
formation, is essentially non-selective between K* and Na”® (ref. 17). 
How, then, can the selectivity of the SKT proteins be maintained, given 
that their signature sequences are so highly degraded (Supplementary 
Fig. 1)? Furthermore, if SKT proteins have the architecture of a K 
channel pore, how is transport of K* controlled? To address these 
questions we targeted the bacterial TrkG/TrkH/KtrB proteins, the 
largest sub-family of SKT proteins, for structural and functional 
studies. The importance of these proteins in bacteria has been shown 
in Escherichia coli, which does not grow in less than 5mM K* when 
its trkG and trkH genes are deleted!®, and in Francisella tularensis, 
which loses its ability to cause tularaemia when lacking TrkH’’. We 
crystallized and solved the structure of a TrkH from V. parahaemo- 
lyticus (hereafter VpTrkH). 


Function of VpTrkH 


VpTrkH was expressed and purified to homogeneity. The purified 
VpTrkH eluted as a single symmetrical peak ona size-exclusion column 
(Supplementary Fig. 2a), and by combining the size-exclusion chro- 
matography with light scattering and refractive index measurements, 
the molecular mass of the purified protein was estimated to be approxi- 
mately 100 kDa. Because the molecular mass of each VpTrkH proto- 
mer is approximately 54 kDa, the detergent-solubilized VpTrkH is a 
homodimer. The homodimeric quaternary assembly was further 
verified by running the protein on an SDS-polyacrylamide gel elec- 
trophoresis (SDS-PAGE) gel after incubation with covalent cross- 
linkers, which produced a band roughly twice the molecular mass 
(Supplementary Fig. 2b). Dimeric assembly has also been reported 
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Figure 1 | Function and structure of VpTrkH. a, Time-dependent *°Rb 
influx into liposomes reconstituted with VpTrkH (open circle) or empty 
vesicles (filled circle). b, S°Rb influx at 20 min in the presence of three 
concentrations of K* (square), Rb™ (inverted triangle), Na‘ (circle) and Li* 
(triangle). c, The VpTrkH dimer coloured by domain and viewed from the 
extracellular side. The twofold symmetry axis is marked as a black oval. The 
green spheres are K* atoms. d, VpTrkH viewed from within the membrane 


20,21 


for the KtrB protein from Bacillus subtilis 
to VpTrkH. 

Because VpTrkH had not been functionally characterized, we pro- 
ceeded to measure its function in two experiments. First, the VptrkH 
gene was introduced into an E. coli strain, LB650 (ref. 18), that lacks 
both the trkG and trkH genes. LB650 cells have a slow growth pheno- 
type in media with less than 5mM K”, and expression of VpTrkH 
rescued the growth of these cells (Supplementary Fig. 2c), suggesting 
that VpTrkH mediates K* uptake. Second, purified and detergent- 
solubilized VpTrkH protein was reconstituted into liposomes, and K* 
permeation was measured indirectly by monitoring uptake of radio- 
active °°Rb* (refs 17, 22). In this experiment, the proteoliposomes 
contain a high internal concentration of K* and are diluted into an 
external solution with a low concentration of K* and a trace amount 
of radioactive *°Rb*. Efflux of K* down its chemical gradient via 
VpTrkH creates an electrical potential across the bilayer that drives 
uptake of °°Rb*, an ion that is known to permeate K* channels. 
Uptake of *°Rb* was observed only in vesicles reconstituted with 
VpTrkH (Fig. 1a), indicating that VpTrkH is permeable to both K* 
and Rb”. Further experiments showed that °°Rb* uptake is inhibited 
by external K* or Rb” but relatively unaffected by the presence of 
Na’ or Li* in the external solution (Fig. 1b). These results indicate 
that, despite the weak conservation of its signature sequence, VpTrkH 
exhibits selectivity for K* and Rb* over Na® and Li’. In addition, 
they also suggest that VpTrkH is capable of mediating facilitated 
diffusion of K* driven by an electrochemical gradient. 


, a protein closely related 


Overall structure 

Crystals of both native and selenomethionine-substituted VpTrkH 
were grown under oil by the microbatch method, and the best native 
protein crystals diffracted to 3.5 A and belonged to the space group 
P2,2,2, (Supplementary Table 1). Initial phases were obtained by 
single-wavelength anomalous diffraction” using a selenomethionine 
substituted VpTrkH crystal. The building and refinement of the 
structural model were facilitated by the presence of a twofold non- 
crystallographic symmetry (NCS) axis and the positions of the 
selenium atoms. The final refined model contains residues 1-157, 
174-484 and one K* per subunit. The region encompassing residues 
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with the extracellular side on top. The dimer is rotated by 90° about the x and y 
axes relative to c. Grey rectangle representing the membrane is shown with a 
thickness of 30 A. e, VpTrkH topology shown with the extracellular side on top. 
The five domains are coloured according to the same scheme as in the previous 
panels. The grey rectangle indicates the thickness of the cell membrane, and the 
unresolved loop is shown as a dashed line. 


158-173, which is a loop between two transmembrane helices, is 
disordered. 

Each asymmetric unit contains a dimer of VpTrkH protomers 
related by a twofold symmetry axis perpendicular to the plane of the 
membrane. Their amino (N) and carboxy (C) termini both probably 
reside on the cytoplasmic side as inferred from the experimentally 
determined topology of a highly homologous TrkH protein from 
E. coli’. Two views of the dimer are shown in Fig. 1c, d. Viewed along 
the twofold axis from the extracellular side, the dimer has a parallelo- 
gram shape with sides of approximately 85 and 43 A. Along the twofold 
axis, vp TrkH is approximately 47 A thick. Stereo views of the VpTrkH 
dimer in three orientations are shown in Supplementary Fig. 3a-c. 

Each VpTrkH protomer is composed of five domains, defined 
sequentially from the N terminus to the C terminus as DO to D4 
(Fig. le and Supplementary Figs 1 and 3b, d). DO, which is found only 
in the TrkH/TrkG subfamily of SKT proteins, has two transmembrane 
segments. D1 to D4 each have a K* -channel-like M1-P-M2 topology, 
although the M2 helices of D2 to D4 are composed of two shorter ones 
(Fig. 2a). The secondary structure of each P-loop also resembles that of 
a K* channel, composed of a half membrane-spanning helix, the pore 
helix, followed by an extended loop that forms the selectivity filter. D1 
to D4 assemble around a pseudo-fourfold symmetry axis to form an 
ion permeation pathway; when observed from the extracellular side 
along the pseudo-fourfold axis, they are arranged in an anticlockwise 
direction (Supplementary Fig. 3b). An extensive dimer interface is 
composed of helices from D3 and D4, with a buried surface of 
2,225 A? per protomer. There is a hydrophobic cavity in the middle 
of the interface, but it is sealed off from the aqueous medium by two 
layers of hydrophobic residues on both sides of the membrane 
(Supplementary Fig. 4). The ion permeation pathway, which is con- 
tained within each protomer, has an hourglass shape and two salient 
features: a selectivity filter and an intramembrane loop (Fig. 2b). 


Selectivity filter 

The selectivity filter is surrounded by the four pore helices, which are 
arranged with the negative ends of their helix-dipole moments point- 
ing to the middle of the membrane (Supplementary Fig. 5). A similar 
arrangement of pore helices is present in K* channels, and its role in 
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Figure 2 | The VpTrkH pore. a, Views of a VpTrkH protomer showing only 
the D1 and D3 domains (left) or the D2 and D4 domains (middle). Two 
domains of KcsA are shown on the right for comparison. K~ atoms are shown 
as green spheres, and the N- and C-terminal residues are labelled. b, Surface 
representation of the pore of a TrkH subunit obtained with the program 
Hollow* using a 1.4-A probe radius for the vestibules and a 0.75-A probe radius 
for the constricted region. The protein is shown with domain 2 removed for 
clarity and the selectivity filter (yellow), the intramembrane loop (magenta) and 
residue R468 (teal) highlighted. c, Radius of the pore calculated with the 
program HOLE. 


minimizing the free energy of a permeating cation has been discussed 
for the KcsA K* channel". 

The four selectivity filter signature sequences are located on the 
P-loops (Fig. 3a), and these elements come together to form the selecti- 
vity filter (omit map in Fig. 3b and Supplementary Fig. 6a, 2Fy — F, 
map in Supplementary Fig. 6b). Compared with those of K* channels, 
the selectivity filter has a wider opening on the extracellular side and a 


a Pore helix Selectivity filter 
D1 filter - - - SVTDAFFESFSA GATVI VGLDE 
D2 filter - - -|- PFDAl SHSFSTI A GGFSTHDASM- 


D3 filter | PYDAF DQALF QTVSI AGETTTGFAD- 


D4 filter - - - | ELSAFSAVAATILNNLGPG_GEVALH 


KesA QLI [TYPRALWABVETATTVGYGDLYPVTL 
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Figure 3 | Selectivity filter of VpTrkH. a, Amino-acid sequence alignment of 
the selectivity filter regions (underlined) and pore helices (box) in VpTrkH with 
the selectivity filter of the KcsA K* channel. The highly conserved glycine 
residue is marked in red. b, c, The selectivity filter with domain 2 removed, 
shown with b an NCS-averaged, simulated annealing omit map calculated with 
six residues from each selectivity filter omitted, contoured at 1a, or c the 
coordination geometry of the K* (green sphere) highlighted. d, D1 and D3 
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much shorter constricted region where K* is coordinated (Fig. 3c, d 
and Supplementary Figs 6c and 7). In the constricted region, main- 
chain and side-chain oxygen atoms form stacks of oxygen rings that 
could coordinate and stabilize dehydrated K*, a feature that is pre- 
served from the K* channels. In an F, — F- map calculated with KT 
omitted, two peaks of positive electron density appear in the filter 
(Fig. 3d and Supplementary Fig. 7a), which we call the upper and lower 
site and interpret as potential positions where K* binds. Owing to the 
modest resolution of the diffraction data, we cannot unambiguously 
determine the contribution of K* to these densities, as opposed to 
partial contribution from water molecules or calcium ions that were 
included in the crystallization solution. Because Rb" and Ba** are 
known to occupy K~ positions in the selectivity filter of the KcsA 
K* channel", we took advantage of this knowledge and grew crystals 
in the presence of Rb* or Ba’* (Supplementary Table 1). Difference 
electron densities corresponding to Fourier coefficients Fr, — Fx or 
Fg, — Fx are shown in Fig. 3e. In both cases, a strong positive electron 
density peak is present in the upper site, consistent with substitution of 
a K* with a more electron dense Rb~ or Ba~~. The upper site lines up 
with site 3 (S3) in the KesA K~ channel, and is constructed entirely by 
backbone carbonyl oxygen atoms (Fig. 3c and Supplementary Fig. 6c). 
In the KcsA K* channels, Rb* does not occupy every K~ binding site 
in the selectivity filter, and Rb” permeates with a much slower rate 
than K™ (refs 27, 28). A slower rate of Rb* uptake was also observed by 
TrkH in E. coli”. Therefore, we postulate that the lower peak in the K~ 
difference map, which aligns with $4 in KcsA, could potentially bea K* 
binding site (Fig. 3d and Supplementary Fig. 7), although there was no 
density at this location in either the Rb* or Ba’* difference maps. 
Although only one binding site has been confirmed by heavy atoms 
and modelled into the structure, the limited resolution of the data 
probably reduced our ability to observe more. Comparison with the 
KcsA structure suggests that the selectivity filter could potentially 
accommodate a maximum of three K* binding sites without requiring 
a substantial structural change. In addition to the confirmed site and 
the possible site corresponding to S4 in KcsA, the backbone carbonyls 
from the highly conserved glycine residues form a ring of oxygen atoms 
above the confirmed ion-binding site, and could potentially form 
another K* binding site that would line up with S2 in KesA (Fig. 3d 
and Supplementary Fig. 7). The S1 site is lost because of the widening of 
the selectivity filter in TrkH. This is not wholly unexpected owing to 


Ba2t+ 


Rb* 


from the K~ structure are shown with F, — F. electron density calculated 
without K* in the model and contoured at 3.5a. The filter of KcsA is shown on 
the right for comparison. e, Ion-binding sites in the selectivity filter. Ba” (left) 
and Rb* (right) (Focion) — Foxy) difference Fourier maps are shown contoured 
at 6.0 and 3.5q levels, respectively, calculated using phases from the Kt 
structure. The stick models are D1 and D3 from the K* structure. 


©2011 Macmillan Publishers Limited. All rights reserved 


the differences in the selectivity filter sequence between TrkH and 
KesA: the second glycine residue in the signature sequence of K* 
channels is not conserved in TrkH (Fig. 3a), and in the high-resolution 
KcsA structure*® the backbone torsion angles of this residue lie in an 
unfavourable region of the Ramachandran plot for non-glycine residues. 
Regardless of the number of sites, the structure shows that at least one 
dehydrated K* binds to VpTrkH through coordination by oxygen 
atoms in a manner similar to a K* channel. Further experiments are 
needed to measure more accurately the occupancy of K* and whether 
VpTrkH exhibits the high selectivity characteristic of K* channels. In 
addition, because the four-site configuration is crucial for a high K* 
throughput in K* channels?”*!, we conjecture that VpTrkH, if it 
operates by a channel-like mechanism, conducts K* with a lower 
throughput. 


The ion permeation pathway 

Although each protomer forms a continuous pore, a K* permeating 
from the extracellular side encounters a barrier shortly after it exits the 
selectivity filter (Fig. 2c). The barrier is composed of two elements: 
Arg 468 from the second transmembrane segment of domain 4 
(D4M2), and an intramembrane circular loop between D3M2a and 
D3M2b (Figs 2b and 4a). This is a unique feature and is not observed 
in any known K* channel structures. 

Arg 468 is conserved in almost all bacterial SKT proteins. The 
guanidinium group points towards the centre of the permeation path- 
way and is approximately 3.1 A away from the backbone carbonyl 
oxygen atom of Gly 353, which is part of the intramembrane loop 
formed by Gly 346 to Lys 357 (Fig. 4a). This loop is present in all 
TrkH, TrkG and KtrB families, is rich in glycine and other small 
residues such as alanine and serine, and contains several highly con- 
served residues (Supplementary Figs 1 and 8). In addition, Glu 470, 
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Figure 4 | Constriction formed by Arg 468 and the intramembrane loop. 
a, Stereo view of the interactions between the intramembrane loop and Arg 468 
as viewed looking down the selectivity filter from the extracellular side. 

b, Interactions between the intramembrane loop and Arg 468 and Glu 470 as 
viewed from within the plane of the membrane. Residues Gly 353-354, Lys 357, 
Arg 360, Arg 468 and Glu 470 are shown as stick representations, and the 
dashed lines indicate distances between them. c, Time-dependent ®6Rb influx 
into proteoliposomes reconstituted with wild-type (open circle) or R468A 
(filled circle) VpTrkH. Error bars, s.e.m. 
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another highly conserved residue on D4M2, is close to Lys 357 in the 
loop and Arg 360 in D3M2b: a carboxylate oxygen on Glu 470 is 3.7 
and 3.5 A away from the terminal nitrogens of Lys 357 and Arg 360, 
respectively. These electrostatic interactions probably further stabilize 
the position of the intramembrane loop (Fig. 4b and Supplementary 
Fig. 9). 

The narrow constriction formed by Arg 468 and the intramem- 
brane loop has to widen for a K* to reach the intracellular side. To 
understand further the role of Arg 468 in Kt permeation, we substi- 
tuted it with an alanine and reconstituted the R468A mutant protein 
into liposomes. *°Rb* flux was then measured both for the wild type 
and for the R468A mutant in side-by-side experiments. Tracer uptake 
by the R468A mutant is significantly faster than that by the wild type 
(Fig. 4c), consistent with the observation that R468 occludes Kt per- 
meation. An earlier study showed that mutating the equivalent of 
Arg 468 in a KtrB reduces Kt uptake in E. coli**, which seems to 
contradict our functional results and the role of Arg 468 inferred from 
the structure. However, because the KrtB mutant was assayed in vivo, 
additional factors such expression levels or association with auxiliary 
proteins could have affected the measurement. As for the role of the 
intramembrane loop, a recent study showed that various deletions of 
the corresponding loop in a KtrB significantly increase K* transport 
activity’, consistent with its position shown by the structure. 


Discussion 


The pseudo-symmetry arising from duplication of an ancestral channel 
that is observed in the SKT family is not unique among ion channel/ 
transporter families. In the animal kingdom, gene fusion or duplication of 
a more complex potassium channel, the voltage-dependent K~ channel 
(K,), generated voltage-dependent Na‘ and Ca*~ channels (Na, and 
Cay, respectively)****. Similar to the SKT proteins, four pseudo-subunits 
of K, channels are expressed as a single polypeptide chain in the Na, 
and Ca, channels, although the domains are assembled in a clockwise 
direction when viewed from the extracellular side**”’ in contrast to the 
anticlockwise orientation observed in VpTrkH. The pseudo-fourfold 
symmetry in VpTrkH is strongest at the ion-binding sites in the selecti- 
vity filter region, where each domain contributes similarly to coordi- 
nation of a K*. However, the symmetry starts to break down outside 
the selectivity filter where the pore helices vary in length and form 
different angles with the membrane norm, and the symmetry becomes 
considerably weaker for the M1 and M2 helices from different homo- 
logous domains. Especially notable is D3, which contains the intra- 
membrane loop and the tilted D3M2b helix, and therefore is expected 
to contribute to gating of the permeation pathway more than the other 
domains. It is probable that in Na, and Ca, channels, the fourfold 
symmetry is maintained at the selectivity region for coordination of 
permeating ions but gradually breaks down so that the voltage-sensing 
modules and the connected gating machinery of a particular pseudo- 
subunit may contribute more than the others. 

TrkH/TrkG and KtrB assemble with the cytosolic adenine nucleotide- 
binding proteins TrkA**” and KtrA”, respectively. KtrA forms a ring 
and can undergo significant conformational changes upon binding to, or 
changes in the oxidation state of, ligands such as NAD and ATP?**!, 
The ring has a twofold symmetry that matches that of the homodimeric 
assembly of the transmembrane subunits, and could potentially allos- 
terically control K* permeation. We speculate that the dimeric assembly 
is required for regulation of K* transport by TrkA, although each pro- 
tomer contains an independent ion permeation pathway. Although the 
structure of VpTrkH alone does not answer the question of whether 
TrkH operates as a channel or a transporter, it provides a framework for 
further studies that will reveal the molecular mechanism of K* uptake 
and its regulation by the intracellular TrkA subunit. 


METHODS SUMMARY 


Both native and selenomethionine-substituted VpTrkH were expressed in E. coli 
with a C-terminal polyhistidine tag, extracted into decylmaltoside, and purified 
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by a metal-affinity column. The proteins were further purified by size-exclusion 
chromatography and concentrated to 8-10mgml | for crystallization trials. 
Crystals were obtained by microbatch crystallization under paraffin oil. Co- 
crystallization with different ions was achieved by running the size-exclusion 
chromatography in buffers containing 150 mM of KCl or RbCl, or co-crystallization 
with BaCl,. Initial phases were obtained by single-wavelength anomalous diffraction 
from a 3.9-A data set collected on selenomethionine-derivatized VpTrkH, and a 
3.5-A native data set (with K*) was used for refinement of the final model. The 
final values of R and Rgee Were 24.9% and 29.9%, respectively. Purified VpTrkH 
was reconstituted into liposomes for °°Rb* flux assays as described previously!” 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Homology screen, cloning and initial protein expression. TrkH was first estab- 
lished to be a valid target for structural studies by a bioinformatics analysis***”. A 
total of 91 trkG/trkH/ktrB genes from 58 prokaryotic genomes were identified, 
and the genes were amplified by PCR from the genomic DNAs, inserted into a 
modified pET plasmid (Novagen) with a C-terminal deca-histidine tag anda TEV 
protease recognition site, and expressed in a small-scale culture. Protein expres- 
sion was then examined using western blots as a readout, and western-positive 
clones were pursued for further study. Identification and cloning of homologues, 
and the initial expression study, were performed by a high-throughput approach 
in the central facility of the New York Consortium on Membrane Protein 
Structure; a detailed description of the procedures can be found in ref. 44. 

Large-scale protein expression, purification and crystallization. Western- 
positive clones received from the New York Consortium on Membrane Protein 
Structure were scaled up for mid- to large-scale expression studies. Five proteins 
(IrkHs from V. parahaemolyticus, Vibrio fischeri, Idiomarina loihiensis, 
Campylobacter jejuni and a KtrB from V. fischeri) had yields higher than 0.25 mg 
1”! cell culture and three of them (TrkHs from V. parahaemolyticus, I. loihiensis 
and C. jejuni) exhibited a mono-dispersed profile in size-exclusion chromato- 
graphy. Among those proteins, only TrkH from V. parahaemolyticus (VpTrkH) 
produced diffracting crystals and thus became the focus of crystallization efforts. 

For large-scale purification of native VpTrkH, BL21(DE3) cells were grown in 
Luria broth at 37 °C and induced with 0.5 mM isopropyl B-p-1-thiogalactopyranoside 
(IPTG) after absorbance (Agoo nm) reached 1.0; for expression of selenomethionine- 
incorporated proteins, the cells were grown in minimal medium containing 32.2 mM 
K,HPO,, 11.7mM KH,PO., 6mM (NH4)2SO,, 0.68mM Na citrate, 0.17 mM 
Mg,SOu,, 32 mM glucose, 0.008% (w/v) alanine, arginine, aspartic acid, asparagine, 
cysteine, glutamic acid, glycine, histidine, proline, serine, tryptophan, glutamine and 
tyrosine, 0.02% (w/v) isoleucine, leucine, lysine, phenylalanine, threonine and valine, 
25 mg]! L-selenium-methionine, 32 mg 1”! thiamine, and 32 mg]! thymine, and 
induced at an absorbance (A¢00 nm) of 0.6. The cell membranes were solubilized with 
40 mM n-decyl-f-p-maltoside (Anatrace) and the His-tagged protein was purified 
with TALON Metal Affinity Resin (Clontech). After removal of the tag with tobacco 
etch virus protease, the native protein was subjected to size-exclusion chromato- 
graphy with a Superdex 200 10/300 GL column (GE Health Sciences) equilibrated 
in a buffer of 150 mM KCI, 20 mM HEPES, pH 7.5, 5mM {-mercaptoethanol and 
3.5mM _ n-decyl-f-b-maltoside. The selenomethionine-incorporated VpTrkH 
protein was purified by the same procedure. The native protein was concentrated 
to 8mgml ' and the selenomethionine-substituted protein to 10mg ml’ as 
approximated by ultraviolet absorbance. 

Although both the native and selenomethionine-substituted VpTrkH yielded 
crystals readily, the crystals diffracted anisotropically and an overwhelming 
majority failed to reach 4.0 A. More than 3,000 crystals were screened over a 
period of over 3 years. Native VpTrkH crystals were grown by microbatch crys- 
tallization under paraffin oil where 1.5 tl of the protein solution was mixed with 
an equal volume of crystallization solution containing 35% PEG400, 200 mM 
calcium acetate and 100 mM sodium acetate, pH 5.3. Rb’ -derivatized crystals 
were obtained by the same method except that the size-exclusion chromato- 
graphy during purification was conducted in a buffer using 150mM RbCl to 
replace KCl. Ba**-derivatized crystals were obtained by adding 10 mM BaCl, 
into the native protein before mixing with crystallization solution. Before flash- 
freezing in liquid nitrogen, the crystals were cryoprotected in mother liquor for 
2-5 s. The mother liquor was obtained by vapour diffusion in sitting drops mixed 
from 3 ul of the protein solution and an equal volume of well solution containing 
35% PEG400, 200 mM calcium acetate and 100 mM sodium acetate, pH 5.3. 
Data collection and structure solution. Diffraction data were collected on beam- 
lines X25 and X29 at the National Synchrotron Light Source and 24ID-C and 
24ID-E at the Advanced Photon Source. A 3.9-A data set was collected at a 
wavelength of 0.9791 A on selenomethionine-derivatized VpTrkH. The data were 
indexed, integrated and scaled using HKL2000 (ref. 46). The data set showed 
anisotropy, but nonetheless exhibited a strong anomalous signal and was there- 
fore used to obtain the initial phases to 3.9 A by single-wavelength anomalous 
diffraction. The positions of 18 out of 24 available selenium sites in the asym- 
metric unit were located using the program phenix.hyss*’. Initial experimental 
phases were improved by twofold NCS averaging and solvent flattening using 
RESOLVE”. The resultant density-modified experimental map was used to build 
manually a partial Cx trace with COOT™. The phases were gradually extended to 
a higher-resolution native data set at 3.5 A using twofold NCS averaging, solvent 
flattening and histogram matching in DM”. Manual model building and 
sequence assignments were done iteratively using COOT, and the structure 
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refinement was done using PHENIX”’ with strong twofold NCS restraints. The 
final refined model contained residues 1-157, 174-484, and one K* in each 
subunit in the asymmetric unit. The anomalous difference Fourier map calculated 
with phases from the refined model confirmed the correctness of the initial 
selenium sites, all of which overlay well with ordered methionine residues in 
the final model, and identified two additional sites corresponding to two 
N-terminal methionines in the asymmetric unit (Supplementary Fig. 10a-c). 
The region encompassing residues 158-173 is disordered, consistent with the 
absence of anomalous peaks expected from Met 158 and Met 174 within this 
region. At the model-building stage, diffraction data were corrected for anisotropy 
using the Anisotropy Server® and a second model was refined with anisotropy 
correction. Models with or without the correction essentially overlap; however, 
map quality is improved in several regions after the correction. 

The final refined model devoid of K* was used to calculate the Fr, — Fx and 
Fa — Fx difference maps for structures containing Rb* and Ba?~. 
E. coli complementation assay. E. coli strain LB650 competent cells were trans- 
formed with pET31 vector carrying V. parahaemolyticus trkH. Two media, Hi-K 
and Lo-K, were prepared based on ref. 51, both containing 8 mM ammonium 
sulphate, 0.4mM magnesium sulphate, 1 mM sodium citrate, 1 mgl"! thiamine 
and 2g]! glucose. For the Hi-K medium, 115 mM potassium phosphate (pH 
7.0) was added; for the Lo-K medium, 115 mM sodium phosphate (pH 7.0) was 
added. The two solutions were mixed in different ratios to produce the desired K* 
concentration. The transformation cell culture was spread onto agar plates pre- 
pared with solutions with different K* concentrations and incubated at 37°C 
overnight. As a blank control, pET31 vector without insertions was used to 
transform E. coli strain LB650 competent cells. 
Reconstitution of TrkH into proteoliposomes. Purified VpTrkH was reconsti- 
tuted into lipid vesicles composed of 1-palmitoyl-2-oleoyl-phosphatidylethanola- 
mine and 1-palmitoyl-2-oleoyl-phosphatidylglycerol (Avanti Polar Lipids) in a ratio 
of 3:1 by mass, as previously described*'. The protein to lipid ratio was 1:150 by mass. 
The solution was then subjected to several rounds of dialysis against reconstitution 
solution until the detergent was totally removed. At the end of each experiment, 
valinomycin was added to the reaction mixture to monitor the maximum uptake. 
Determination of protein oligomeric state. The mass of the VpTrkH protein in 
solution was measured using a Wyatt miniDAWN TREOS 3 angle-static light- 
scattering detector, a Wyatt Optilab rEX refractive index detector and an Agilent 
Variable Wavelength Detector ultraviolet absorbance detector”. Purified protein 
sample (5 il) was injected onto a TSKgel SuperSW3000 (4.6 mm internal diameter 
X 30cm) silica-gel size-exclusion column in buffer containing 0.016% dodecyl- 
maltoside at a rate of 0.25 ml min’ !. The differential refractive index (dn/dc) value 
for dodecylmaltoside was calculated to be 0.128 mlg | using the Wyatt Optilab 
rEX refractive index detector. Deconvolution of the protein-detergent conjugate 
was then achieved using a previously described method”. The calculation did not 
account for refractive index contributions due to bound lipid. 
®°Rb flux assay. The *°Rb* flux assay was performed as described previously”. In 
the competition assays, Li", Na*, K* or Rb* were added directly into the flux 
buffer, and the readings were taken at the 20 min time point. 
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An hour-glass magnetic spectrum in an insulating, 
hole-doped antiferromagnet 


A.T. Boothroyd’, P. Babkevich?, D. Prabhakaran! & P. G. Freeman*+ 


Superconductivity in layered copper oxide compounds emerges 
when charge carriers are added to antiferromagnetically ordered 
CuO, layers’. The carriers destroy the antiferromagnetic order, but 
strong spin fluctuations persist throughout the superconducting 
phase and are intimately linked to superconductivity’. Neutron 
scattering measurements of spin fluctuations in hole-doped copper 
oxides have revealed an unusual ‘hour-glass’ feature in the 
momentum-resolved magnetic spectrum that is present in a wide 
range of superconducting and non-superconducting materials*’. 
There is no widely accepted explanation for this feature. One 
possibility is that it derives from a pattern of alternating spin 
and charge stripes’®, and this idea is supported by measurements 
on stripe-ordered La, _.g75Bao,125CuO, (ref. 15). Many copper oxides 
without stripe order, however, also exhibit an hour-glass spec- 
trum’ ”. Here we report the observation of an hour-glass magnetic 
spectrum in a hole-doped antiferromagnet from outside the family 
of superconducting copper oxides. Our system has stripe correla- 
tions and is an insulator, which means that its magnetic dynamics 
can conclusively be ascribed to stripes. The results provide com- 
pelling evidence that the hour-glass spectrum in the copper oxide 
superconductors arises from fluctuating stripes. 

The term ‘hour-glass’ describes the general structure of the magnetic 
spectrum as a function of energy E and wavevector Q. At low energies, 
there is a four-fold pattern of incommensurate peaks centred on the 
antiferromagnetic wavevector of the parent (undoped) CuO, square 
lattice. The peaks disperse inwards with increasing energy until they 
meet at the antiferromagnetic wavevector, then disperse outwards again. 
A square-shaped intensity distribution is observed above the meeting 
point and is rotated by 45° with respect to that below the meeting point. 
The hour-glass shape is common to many if not all hole-doped copper 
oxides, and is especially prominent in underdoped compositions. It is 
observed regardless of whether the quartet of low-energy peaks is 
aligned along the Cu-O bonds or is at 45° to them, as found in lightly 
doped Laz_,Sr,CuO, (ref. 13). However, owing to the influence of 
superconductivity on the spin fluctuations, there are some important 
system- and temperature-dependent variations at low energies’’. 

Our experiment was performed on a member of the Laz_,Sr,CoO, 
(LSCoO) series, which is isostructural with the ‘214’ copper oxide family 
(for example, La,_,Sr,CuO,). The crystal structure of LSCoO contains 
near-perfect square lattices of Co atoms on well-separated CoO, layers 
(Fig. 1a). Unlike the copper oxides, LSCoO remains insulating over a 
wide range of doping’’. The parent phase LayCoO, exhibits’? commen- 
surate antiferromagnetic order below the Néel temperature 
Ty = 275K, in a fashion similar to LagCuOy,. Substitution of Sr for La 
donates positive charge onto the CoO, layers. When x > 0.3, the anti- 
ferromagnetic order of the parent phase is modulated at 45° to the Co- 
O bonds”. This is attributed to a self-organization of holes into arrays of 
charged stripes, which create antiphase domain walls in the antiferro- 
magnetic order. The existence of this stripe-like order is well established 
in the isostructural hole-doped nickel oxides La,_,Sr,NiO4+, (refs 
21-23) and in the 214 copper oxides with x ~ 1/8 (ref. 16). 


We studied LSCoO with x = 1/3. The ideal striped pattern of mag- 
netic and charge order for x = 1/3 (Fig. 1b) consists of diagonal lines of 
Co**, three lattice spacings apart, separating bands of antiferromag- 
netically ordered Co”*. The Co”* ions are in the high-spin $ = 3/2 
state while the Co’* are in the low-spin S = 0 state and so do not 
carry a moment** (see also Supplementary Information). The diagonal 
modulation of the antiferromagnetic order gives rise to magnetic dif- 
fraction peaks at wavevectors Q,, = Qar + (1/6, 1/6, 0) and equivalent 
positions in reciprocal space (Fig. 1c), where Qar = (h + 1/2,k + 1/2,1) 
is the antiferromagnetic (AF) wavevector and h, k and /are integers. The 
antiferromagnetic order can equally well be modulated along the other 
diagonal, giving peaks at Qn = Qar + (1/6, —1/6, 0). In reality, peaks 
from both orthogonal domains are present with equal intensity. 

Figure 2 is a composite image of the measured magnetic spectrum for 
wavevectors in the (Q,, Q,, 0) plane in reciprocal space. The elastic 
(E= 0 meV) scattering contains four magnetic peaks centred on the 
Qn positions. The peaks are significantly broader than the instrumental 
resolution and are elongated in the direction perpendicular to the 
stripes. From the measured half-widths, we determined correlation 
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Figure 1 | Crystal structure and magnetic order of Las/3S14/3CoO,. 

a, Conventional unit cell of the tetragonal [4/mmm structure. The cell 
parameters are a = b = 3.87 A, c=126A. b, Ideal model of magnetic and 
charge order in a CoO, layer. The arrows represent ordered moments on Co~* 
and the circles represent non-magnetic Co’*. Oxygen atoms are omitted for 
clarity. The intra- and inter-stripe exchange interactions (respectively J and J’) 
are shown. c, Diagram of reciprocal space showing the magnetic peak positions 
(filled circles) projected onto the (Q,, Q,) plane. The magnetic peaks at (1/3, 
1/3) and (2/3, 2/3) correspond to the stripe domain in b while those at (1/3, 2/3) 
and (2/3, 1/3) are from the equivalent domain in which the stripes run along the 
opposite diagonal. Wavevectors are given in reciprocal lattice units (r.l.u.) 
relative to the tetragonal cell. 


1Department of Physics, University of Oxford, Clarendon Laboratory, Oxford OX1 3PU, UK. *Laboratory for Neutron Scattering, Paul Scherrer Institut, CH-5232 Villigen PSI, Switzerland. *Institut Laue- 
Langevin, BP 156, 38042 Grenoble Cedex 9, France. +Present address: Helmholtz-Zentrum Berlin fiir Materialien und Energie, Hahn-Meitner Platz 1, D-14109 Berlin, Germany. 


17 MARCH 2011 | VOL 471 | NATURE | 341 


©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


2,000 


Energy (meV) 


1,500 


500 


Figure 2 | Neutron scattering intensity maps of the magnetic excitation 
spectrum of Las/3Sr1;3CoO4. The elastic and 14 meV maps (respectively 
bottom and centre) are centred on (0.5, 0.5, 0), and the 25 meV map (top) is 
centred on (1.5, 0.5, 0). The energy-wavevector map was constructed from a 
series of constant-energy scans made at 1 meV intervals through (0.5, 0.5, 0) in 
the (€, —€¢, 0) direction. All measurements were made on a single crystal 
(Supplementary Information) at a temperature of 2 K, but a background 
recorded at 100K has been subtracted from the elastic map. The colour scale 
shows neutron counts for the 14 meV and energy—wavevector maps. The elastic 
and 25 meV maps have been scaled to facilitate comparison on the same colour 
scale. The sharp feature in the 25 meV map near (1.5, 0, 0) is spurious. The data 
here and in Figs 3 and 4 were recorded on the IN8 triple-axis spectrometer at 
the Institut Laue-Langevin with a fixed final energy of either 14.7 meV or 
34.8 meV, set by Bragg reflection from a graphite analyser. The incident energy 
was selected by Bragg reflection from a silicon (E < 35 meV) or copper 

(E = 35 meV) monochromator. A graphite filter was placed after the sample to 
suppress contamination from higher orders. No collimation was used. The 
sample was mounted in a helium cryostat and aligned with the a and b axes in 
the horizontal scattering plane. 


lengths of ¢) ~ 10 Aand €, ~6.5A parallel and perpendicular to the 
stripes, respectively. The magnetic peaks are observed below a temper- 
ature Ty ~ 100 K (Supplementary Fig. 1). 

The inelastic response in Fig. 2 begins at low energies with ‘legs’ of 
scattering which rise from the Q,, positions. The legs disperse inwards 
with increasing energy and meet at about 14 meV. At this energy, the 
intensity in the (Q,, Q,, 0) plane is peaked at Quy. The peak has an 
anisotropic shape with protrusions along the diagonals of the reciprocal 
lattice. The intensity pattern shown at 25 meV retains four-fold sym- 
metry but is rotated 45° with respect to the pattern below 14 meV. 

The structure of the magnetic spectrum can be seen in more detail in 
Figs 3 and 4a-d. The constant-energy scans in Fig. 3a show that the 
inward dispersion of the magnetic peaks at low energies is not accom- 
panied by a corresponding outward-dispersing feature, as would 
normally be expected for spin waves. Figure 3a and b shows that above 
~20 meV the maximum intensity disperses away from Qa. Between 
14meV and 20 meV, the intensity remains peaked at Qar. The posi- 
tions of peaks in these and similar scans are plotted in Fig. 3c, revealing 
a dispersion in the shape of an hour-glass. At higher energies, the signal 
converges to the antiferromagnetic zone corners, where the scattering 
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Figure 3 | Dispersion of the magnetic excitation spectrum of 
Las/3S1/3CoO4. a, b, The variation in the scattered intensity with wavevector 
in diagonal and vertical scans through Qa, for a series of different excitation 
energies. We used Qap = (0.5, 0.5, 0) for E< 15 meV and Qag = (1.5, 0.5, 0) for 
E= 15 meV. Successive scans have been displaced vertically for clarity, and the 
intensities at 35 meV and 45 meV have been scaled to facilitate comparison 
with the lower-energy data. The shaded peaks are simulations from the spin- 
wave model (see Fig. 4). The intensity of the calculated signal was adjusted to 
match the data, and a linear background was added. c, Dispersion of the 
intensity in the magnetic spectrum. The symbols represent the centres of 
Gaussian or Lorentzian peaks fitted to those constant-energy scans which show 
either two clearly resolved peaks or a single central peak, circles from scans 
parallel to (€, — €, 0) and squares from scans parallel to (0, €, 0). The colour map 
is a simulation of the neutron scattering intensity from the spin-wave model, 
colour-coded in arbitrary units. For energies below 19 meV the wavevector axis 
represents a diagonal scan through Qap, and for energies above 19 meV it is a 
vertical scan. d, Energy dependence of the magnetic intensity at the point (2, 
0.5, 0). A background measured at (2, 0, 0) has been subtracted. Error bars, s.d. 
The strong peak at ~45 meV corresponds to the top of the magnetic spectrum. 
All measurements were made at a temperature of 2 K. 


is strongly enhanced (Fig. 4d). Figure 3d is the magnetic signal at one 
such point, and shows that the spectrum extends up to an energy of 
~45 meV. 

What is remarkable about these data is how closely they resemble 
the magnetic spectrum of the hole-doped copper oxides. Not only does 
the dispersion of the magnetic peaks have the characteristic hour-glass 
shape (Fig. 3c), but also there is (1) the same apparent absence of an 
outward-dispersing excitation branch emerging from Q,, (Fig. 3a), 
and (2) the same 45° rotation of the four-fold intensity pattern on 
crossing from below to above the waist of the hour-glass (Figs 2 and 
4a-c). 

As LSCoO is an insulator, a local-moment description applies. Our 
analysis is based on the spin-wave spectrum of the ideal period-3 stripe 
pattern, Fig. 1b. A two-dimensional model is sufficient because the 
inter-layer coupling is weak (Supplementary Fig. 2). The strong planar 
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Figure 4 | Simulations of the magnetic spectrum of Las/3Sr;3CoO4. 

a-d, Constant-energy slices through the inelastic neutron scattering data. The 
regions of missing data at small Q in the 3, 25 and 45 meV maps are due to 
experimental limits on the scattering angle. The colour scale shows neutron 
counts, but different counting times were used for each map. Sharp spots visible 
on the 15, 25 and 45 meV maps are spurious. e-h, The corresponding 
simulations from the spin-wave model described in ref. 25 and in 
Supplementary Information. The best-fit values of the exchange parameters 
(see Fig. 1b) were J = 11.5 meV and J’ = 0.55 meV. The fixed parameters of the 
model are given in Supplementary Information. The simulated spectra were 
averaged over an equal population of four equivalent magnetic domains, two 
wavevector domains to allow for the alternative diagonals along which the 
stripes may run, and two spin domains to allow the ordered moments to align 
along the x and y axes with equal probability. To simulate the observed 
broadening, the 6-function in energy in the spin-wave cross-section was 
replaced by a Gaussian with a standard deviation of 1 meV and the spectrum 
further broadened by convolution with a two-dimensional Gaussian in 
wavevector with standard deviations 0.06 r.l.u. and 0.09 r.l.u. parallel and 
perpendicular to the stripes, respectively. The model includes the Q variation of 
the dipole magnetic form factor of Co~*. A common intensity scale (in 
arbitrary units) is used for e-h, indicated by the colour coding. 


single-ion anisotropy of Co~~ is included in the model”’, and the two 
principal exchange parameters J and J’ (Fig. 1b) were adjusted together 
with an intensity scale factor to fit the data. 

Intensity calculations from the model are included in Figs 3 and 4. 
All the prominent features of the data are reproduced by the simula- 
tions. In particular, a good description of the hour-glass dispersion 
(Fig. 3c) and of the intensity distribution in the Q,—Q, plane (Fig. 4) is 
obtained. Moreover, the fitted values of J and J’ are comparable with 
separate estimates of these parameters from LSCoO with x = 0 and 
x = 0.5, respectively**”° (Supplementary Information). These findings 
are strong evidence that the basis of our model—that is, the nature of 
the ground state and all the important interactions—is correct. 
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Analysis of the model reveals that the apparent inwards dispersion at 
low energies is caused by the combined effects of broadening anda larger 
intensity on the surface of the spin-wave cone nearest Qar due to the 
high J/J’ ratio” (this analysis also explains the absence of an hour-glass 
feature in the nickel oxides, see Supplementary Information). The point 
where the inward-dispersing branches meet is a saddle point formed by 
a maximum in the inter-stripe dispersion and a minimum in the intra- 
stripe dispersion. The superposition of dispersion surfaces from ortho- 
gonal stripe domains creates four intensity maxima above the saddle 
point, which are rotated 45° with respect to the magnetic peaks below the 
saddle point. The enhanced intensity near the top of the spectrum is due 
to the planar anisotropy in LSCoO which creates a nearly flat dispersion 
at the highest energies (Supplementary Information). 

Although our model assumes static magnetic order, the results are also 
relevant for slowly fluctuating stripes. This is because neutron scattering 
is insensitive to fluctuations much slower than ~//AE ~ 10 |! s; here 
AE ~ 1 meV is the energy resolution and hi is h/27, where h is Planck’s 
constant. A system in which the order parameter fluctuates more slowly 
than this has nearly the same spectrum as one in which the correlations 
are static. 

The observation of an hour-glass magnetic spectrum in LSCoO 
(x = 1/3) is significant because it provides an experimental demon- 
stration that the hour-glass spectrum can arise from a system of slowly 
fluctuating magnetic stripes. This could have important implications 
for the copper oxide superconductors. The striking resemblance 
between the magnetic spectra of the layered copper oxides and that 
found here (apart from superconductivity-induced effects) suggests 
that the magnetic fluctuations in the copper oxides have the same 
stripe-like characteristics as those that cause the hour-glass spectrum 
in LSCoO (x= 1/3), namely, (1) unidirectionally modulated anti- 
ferromagnetic correlations, and (2) a large ratio of the magnetic cou- 
plings parallel and perpendicular to the stripes. A further requirement 
is a degree of broadening in order to smear out the spin-wave-like 
dispersion cones. Although the spins can be very well correlated in 
the copper oxides at low energies, experiments indicate that the spec- 
trum broadens with increasing energy". 

The general conditions for an hour-glass magnetic spectrum found 
here could in principle be satisfied by different classes of microscopic 
model. They do not imply that the local-moment picture that describes 
the cobalt oxides necessarily extends to the copper oxides. They do, 
however, impose significant constraints on any such model. It is likely 
that magnetic stripe correlations in the copper oxides would be accom- 
panied by charge-stripe correlations**. Therefore, our results lend sup- 
port to interpretations of the hour-glass spectrum based on disordered 
stripes, and provide encouragement for theories of the copper oxide 
superconductors in which the doped holes form a state with slowly 
fluctuating electronic nematic order”. 
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Transport through modes in random media 


Jing Wang' & Azriel Z. Genack! 


Excitations in complex media are superpositions of eigenstates that 
are referred to as ‘levels’ for quantum systems and ‘modes’ for 
classical waves. Although the Hamiltonian of a complex system 
may not be known or solvable, Wigner conjectured’ that the statistics 
of energy level spacings would be the same as for the eigenvalues of 
large random matrices. This has explained key characteristics of neut- 
ron scattering spectra’. Subsequently, Thouless and co-workers 
argued** that the metal-insulator transition in disordered systems*® 
could be described by a single parameter, the ratio of the average 
width and spacing of electronic energy levels: when this dimension- 
less ratio falls below unity, conductivity is suppressed by Anderson 
localization’ of the electronic wavefunction. However, because of 
spectral congestion due to the overlap of modes’ ’, even for localized 
waves, a comprehensive modal description of wave propagation has 
not been realized. Here we show that the field speckle pattern” of 
transmitted radiation—in this case, a microwave field transmitted 
through randomly packed alumina spheres—can be decomposed into 
a sum of the patterns of the individual modes of the medium and the 
central frequency and linewidth of each mode can be found. We find 
strong correlation between modal field speckle patterns, which leads 
to destructive interference between modes. This allows us to explain 
complexities of steady state and pulsed transmission of localized 
waves and to harmonize wave and particle descriptions of diffusion. 

Modes of the field in media for which the corresponding particles 
freely diffuse extend throughout the sample. Energy is then readily trans- 
ported to the margins of the sample, where it leaks through the boundary. 
Because the mode lifetime is then short and its linewidth correspondingly 
broad, the average spectral width of modes exceeds the average spacing 
between neighbouring modes***: d@ > Aw. Level repulsion of spectrally 
overlapping levels leads to universal fluctuations in conductance in small 
metallic samples" and is associated with classically chaotic motion” for 
waves inside a cavity. In contrast, the coupling of exponentially peaked 
modes to the environment surrounding the sample is exponentially 
small, so that**°" da < Aw. Average transmission is consequently sup- 
pressed*” while relative fluctuations of transmission’* or conductance™* 
are enhanced as a result of occasional resonant tunnelling through loca- 
lized modes. The degree of spectral mode overlap 6=6@/Aw often 
referred to as the Thouless number, is thus a fundamental localization 
parameter. Anderson localization has been observed for electrons'® and 
cold atoms"®, as well as for classical waves'*’”"* such as light”, microwave 
radiation’, plaamons” and ultrasound*!””. 

A decisive step forward in the study of transport was taken with the 
development of the scaling theory of localization*® in which the scaling 
of a directly measurable quantity, the dimensional conductance at zero 
temperature g, was shown to depend only upon g itself and the dimen- 
sionality of the system. It was argued that the dimensionless conduc- 
tance g = G/ (e7/h), where G is the electronic conductance, e is the 
electron charge and h is Planck’s constant, is equal to the Thouless 
number*®, 6 =g. g can also be defined for classical waves via the 
Landauer relation, which equates the dimensionless conductance to 
the ensemble average of the transmittance <T>. The transmittance is 
the sum of coefficients of total transmission T, for the N propagating 
i), 


transverse incident channels with index a: g= (T) = ae 


The statistics of transmission in nondissipative diffusive samples are 
also determined by g (refs 13 and 23-26). The variance of the total 
transmission normalized by its ensemble average var(s, = T,/({T,)) and 
the variance of normalized intensity var(sgy = Tay/<Tap>) are linked 
via the relation”*”® var(s,) = [var(sa,) — 1]/2 =2/3g. The intensity Tz, 
corresponds to the transmission coefficient between incident and out- 
going channels a and J, respectively. More generally, the full distri- 
bution of intensity and total transmission can be expressed in terms of 
a statistical conductance’*” g’ = 2/3var(s,), even in strongly scattering 
dissipative samples. In the absence of inelastic processes g’ reduces to g 
(refs 13, 22 and 27). Thus we expect that transmission statistics in 
nondissipative systems are linked to the statistical properties of the 
underlying modes via the relation g’=6. Confirming this relation 
presents a challenge because it holds only in the absence of dissipation. 
Therefore, measurements must either be carried out in nondissipative 
systems or a means must be found of obtaining these parameters from 
measurements in the presence of inelastic scattering, dephasing or 
absorption. 

Measurements of the frequency variation of the speckle pattern of 
microwave field transmitted through random samples of alumina 
spheres contained in a copper tube were carried out as shown 
schematically in Fig. la. The field was detected using a short wire 
antenna connected to a vector network analyser. Spectra were taken 
over a tight grid of points on the sample output. Intensity speckle 
patterns at a fixed frequency such as shown in Fig. la were formed 
from these spectra. New sample configurations were realized by 
momentarily rotating the sample tube about its axis. From measure- 
ments over an ensemble of 200 configurations of scattering spheres for 
samples of length 61cm in the frequency range 10-10.24 GHz, we 
obtained g’ = 0.23. This is well below the value at the localization 
threshold of unity in nonabsorbing samples and corresponds to a 
sample of more than twice the localization length. 

Energy leaks from the open ends of the sample tube and radiation is 
absorbed by the sample, so electromagnetic energy is not conserved 
and the time-evolution operator is not hermitian. Nonetheless, we 
expect that the time evolution of the wave following pulsed excitation 
can be expressed as a sum of terms, each of which is a product of a 
volume field speckle pattern and an exponentially decaying sinusoidal 
function. These terms, which are often referred to as quasi-normal 
modes, can form a complete set for outgoing waves”. In the frequency 
domain, the field at the output surface can be expressed as a super- 
position of such modes: 


B(,0)= Jo a,j)? 


T,/2+i(O—On) So anj(t) Px() (1) 


Here, a, ;(r) is the spatial variation of the jth polarization component of 
the field for the nth mode with central frequency , and linewidth I’, 
given in radians. ¢,,(c) is the frequency variation of the mode which is 


Fyt 
the Fourier transform of exp (— =) 60s @,t for t>0. The average 


number of modes per configuration over the frequency range studied is 
47. Spectra at all rin a given configuration share a common set of «w,, and 
I’, so the mode expansion in equation (1) can be fitted simultaneously 
to spectra at many points to give m, and J’, and the corresponding 
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mode speckle patterns. Measured intensity spectra at two points and 
spectra obtained from the simultaneous modal fit of spectra at 45 points 
are shown in Fig. 1b. The measured normalized total transmission s, 
and the sum over the output surface of JEj(r,0)|? obtained from this 
global fit are shown in Fig. 2a. Excellent agreement between measure- 
ments and the global fit is obtained for spectra of both local (Fig. 1b) and 
integrated (Fig. 2a) transmission. 

To explore the contribution of modes to total transmission, we 
considered a narrow frequency range around the strong peak at 
10.15 GHz for the same configuration for which intensity spectra are 
shown in Fig. 1b. The asymmetrical shape for the line in both intensity 
and total transmission indicates that more than a single mode con- 
tributes to the peak. The modal analysis of the field spectra shows that 
three modes contribute substantially. Total transmission spectra for 
each of the three modes closest to 10.15 GHz are plotted in Fig. 2a. The 
integrated transmission for two of these modes—corresponding to the 


( 
(rz) measured 
I(r,) fitted 


(r,) fitted 


0.015 


0.01 


Intensity 


0.005 


10.06 10.12 10.18 


Frequency (GHz) 


10.24 


Figure 1 | Measurements of transmission through random media. 

a, Microwave radiation is launched from a horn placed 20 cm before the 
sample. Field spectra of transmission through randomly positioned alumina 
spheres at low filling fraction contained in a copper tube are measured at points 
ona 2-mm grid over the output surface using a short wire antenna and a vector 
network analyser. Squaring the field at each point gives the intensity speckle 
pattern normalized to its peak value (inset). b, Intensity spectra at two detector 
positions r, and r2 and the fit of equation (1) to the data. 


28th and 29th modes in the spectrum starting at 10 GHz—are each 
greater than for the measured transmission peak, indicating that these 
modes interfere destructively. The intensity and phase patterns for 
each of these modes are shown in Fig. 2b-e. Aside from a difference 
in average transmission, the intensity speckle patterns of the two 
modes are nearly identical. At the same time, the distributions of phase 
shift at 10.15 GHz for the two modes are similar up to a nearly constant 
phase difference with average value of Ay = 1.021. The surprising 
similarity between the speckle patterns for these overlapping modes 
suggests that these spectrally overlapping modes are formed from 
coupled resonances that overlap spatially within the sample’°. The 
similarity in the intensity speckle patterns of adjacent modes and the 
uniformity of the phase shift across the patterns of these modes makes 
interference possible between modes across the entire speckle pattern. 

The modal decomposition of field spectra affords a full account of 
dynamic and steady-state transmission. Pulsed transmission was 
obtained by taking the Fourier transform of the product of transmitted 
field spectra Ej(r,v) and the Fourier transform of an incident Gaussian 
field pulse, Ej(r,v) exp (—(v— Vo) / 20). From this, we computed the 
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Figure 2 | Total transmission and mode speckle patterns. a, Three modes 
contribute to the asymmetric peak in the total transmission spectrum (blue) for 
the same configuration as in Fig. 1, mode 28 (red), mode 29 (green) and mode 
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30 (black). Dashed red (mode 28) and green (mode 29) lines surround their 
intensity speckle patterns (b and c) and phase patterns (d and e). f, The phase in 
mode 29 is shifted by nearly a constant of 1.027 rad relative to mode 28. 
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time-frequency spectrogram of the total transmission T,(t, vo), cor- 
responding to the variation with carrier frequency vo of the sum of 
intensity over all points on the output surface on which measurements 
of field are anes at delay time t a the ae of an incident Gaussian 
pulse: T(t, vo) = S>y|E(r, t, Vo)|7. Ta(t, Vo) is indicated by the colour 
scale in ae x-y plane in Fig. 3. ts evolution of the spectra of total 
transmission is further indicated by plotting T,,(¢, vo) normalized to the 
average over each spectrum for four delay times. The increasing rela- 
tive weight of long-lived narrow-line modes is manifest in the decreas- 
ing number of surviving modes with substantial relative intensity. This 
results in an increasing variance of normalized transmission with time 
delay. The variation with time of the spectrogram of total transmission 
normalized by the peak transmission for the mode with centre fre- 
quency v,, = 10.04352 GHz can be seen in Fig. 3b to narrow and take 
on the Gaussian lineshape of the incident pulse. Figure 3c shows the 
decay of this peak. The decay rate of 1.18 1s‘ is essentially equal to the 
linewidth J), = 1.29 MHz. 

The average temporal variation of total transmission (T,(t)) is 
obtained by integrating the time-frequency spectrogram over fre- 
quency in each configuration at different times and averaging over 
all configurations. The progressive suppression of transmission in time 
by absorption may be removed by multiplying (T,(t)) by exp(t/t,) to 
give (Ta°(t)) =(Ta(t)) exp (t/ta). The loss of energy is then due only to 
leakage from the sample. The decay rate 1/t,=0.0064 ns’ ' is deter- 
mined from measurements of decay in a closed sample in which the 
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Figure 3 | Time-frequency analysis. a, Logarithm of time-frequency 
spectrogram of total transmission plotted (see colour scale) in the x-y plane. The 
central frequency Vo of the incident Gaussian pulse of linewidth o = 0.85 MHz is 
scanned. Each of the four spectra of total transmission at different delay times are 
normalized to its average. b, Spectrograms of total transmission for the mode 
with centre frequency v,, = 10.04352 GHz are normalized by the peak 
transmission for different delay times. The colour of the curves in b and 

c indicate different delay times for the spectrograms in b and c (see legend at the 
bottom). All the curves overlap for delays of 500 ns and longer. c, The decay rate 
of the peak in b of 1.18 1s’ is essentially equal to the linewidth I, = 1.29 MHz. 
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ends of the tube are capped. The same result is obtained by transform- 
ing into the time domain using spectra computed from the modal 
decomposition of the field in which the impact of absorption on each 
mode is eliminated. The linewidth of the nth mode I’, is the sum of the 
rate at which the modal energy leaks through the sample boundaries 
T° and the absorption rate 1/t,, so the linewidth in an equivalent 
sample without absorption is given by: 7? =I", —1/ta. The complex 
amplitude of the mode without absorption is given by ani Be ies 
in agreement with results of one-dimensional simulations (this work). 
The decay of (T,°(t)), shown as the solid black curve in Fig. 4, can be 
seen to slow considerably with time delay’. This reflects a broad 
range of modal decay rates from long-lived localized modes peaked 
at points remote from the sample surface**"* to more extended short- 
lived modes’~* 

The measured decay corrected for absorption is compared to the 
incoherent sum of transmission for all modes in the random ensemble 
(>~,,Ta,°(t)), shown as the dashed curve in Fig. 4. (3>,,Tu,°(t)) is 
substantially larger than (T,°(t)) at early times before it converges to 
(T,°(t)). Although transmission associated with individual modes 
rises with the incident pulse, transmission at early times is strongly 
suppressed by destructive interference of modes with strongly corre- 
lated field speckle patterns such as those shown in Fig. 2. The delayed 
rise of pulsed transmission seen in Fig. 4 is a remnant of particle 
diffusion associated with transport in weakly scattering samples and 
reflects the low probability of particles traversing the sample by a 
sequence of scattering events that are all in the forward direction. At 
later times, the random frequency differences between modes lead to 
additional random phasing between modes: (@, +41 — @,,)t. This leads 
to a peak in transmission after a delay time comparable to the inverse 
of the typical mode linewidth. By this time, destructive interference is 
substantially diminished and subsequently averaged pulsed transmis- 
sion approaches the incoherent sum of decaying modes. 

To compare 6 and g’, we eliminate the effect of absorption on field 
spectra by substituting a? nj and T° for the amplitude and decay rate in 
the modal decomposition of equation (1). We calculate 6 by identify- 
ing the average level width, or svete Thouless time, with the average 
modal leakage rate dw =trn~! =(1/I°) *, and equating the average 
level spacing Aw to the average angular frequency difference between 
neighbouring modes. The average over 200 sample configurations 
gives 0 = da@/Aw=0.17. This equals the statistical conductance 
g’ =0.17, determined from the variance of intensity in spectra in 
which absorption is removed. 6 and g’ are also found to be close for 
an ensemble of 40 configurations of samples of length 40cm with 
6 =0.43 and g’ = 0.39. Figure 5 presents the relationship between 
the inverses of 6 and g’, which express the degree of wave localization 
within the sample. The origin of the plot is the diffusive limit in which 
the number of modes encompassed within the linewidth diverges and 
fluctuations of normalized total transmission vanish*’*°. The red line 
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Figure 4 | Dynamics of localized waves. Semilogarithmic plot of the ensemble 
average of pulsed transmission and the incoherent sum of transmission due to 
all modes in the random ensemble. The impact of absorption is eliminated as 
described in the text. 
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Figure 5 | Localization parameters. The degree of localization is tracked by 
the inverses of the mode overlap parameter, which is equivalent to the Thouless 
number 6 and the statistical conductance g’ (which reflects fluctuations in 
transmission). The dashed lines indicate the localization threshold at 

6 = g' = 1. Measurements are made for sample lengths of 40 cm and 61 cm. 


with slope unity is an extension of the equality of 6 and g’ calculated for 
diffusive waves’*”® into the localized’*”’ regime. 

We have shown that steady-state spectra and wave dynamics are 
explained in terms of destructive interference of strongly correlated 
modal speckle patterns. Notwithstanding the complex correlation 
found between modes, the statistics of transmission are simply related 
to the mode overlap parameter 6, as seen in the equality of g’ and 6 for 
diffusive and localized waves. Mode statistics are crucial for nonlinear as 
well as for linear phenomena and determine the threshold for narrow- 
line lasing in random amplifying media in systems in which linewidths 
and level spacings are comparable*’. The results presented here show 
that the standing waves of a random medium are the key to a full 
description of transport. 


METHODS SUMMARY 


Measurements were carried out on the microwave field transmitted through an 
ensemble of samples of randomly positioned alumina spheres embedded in 
Styrofoam spheres contained within a copper tube. The tube was 99.999% copper 
to minimize losses in reflection. It had a diameter of 7.2cm and supported 30 
transverse modes of the empty waveguide over the frequency range of the experiment, 
10-10.24 GHz. The sample was composed of 99.95% alumina spheres of diameter 
0.95 cm and refractive index 3.14 embedded in Styrofoam spheres of diameter 1.9 cm 
and refractive index 1.04 to achieve an alumina volume-filling fraction of 0.068. 
Waves were thoroughly mixed in the quasi-one-dimensional sample geometry of 
the experiments so that intensity statistics were essentially uniform across the output. 
The signal was detected by a 4-mm-long 300-1m-diameter wire antenna translated 
on a2-mm-square grid over the output surface. The separable nonlinear least-squares 
fitting method was used to decompose field spectra simultaneously at each of 45 
positions into a sum over modes using a common set of «,, I,. The minimum was 


P=45 N 
found for the sum min 7? = min oe E(t),v) — Pe An(Tp)P,| » Where rp are the 
p=l1 n=1 


different positions at which spectra were fitted. The problem was solved to yield 
I, and the mode speckle patterns by using classical nonlinear least-squares 
optimization methods*’””, such as the Levenberg-Marquardt algorithm. Figures 3 
and 4 were computed from the measured field spectra using time-frequency ana- 
lysis’ for pulses with o = 0.85 MHz and 3 MHz, respectively, corresponding to 
Gaussian temporal pulse widths of o; = 187.4 ns and 53.1 ns. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Experimental method. Spectra of the microwave field transmission coefficient 
through random waveguides were taken using a vector network analyser. The 
sample is a copper tube filled with randomly positioned 99.95% alumina spheres 
of diameter 0.95 cm and refractive index 3.14 embedded in Styrofoam spheres of 
diameter 1.9 cm and refractive index 1.04 to achieve an alumina filling fraction of 
0.068. The tube was 99.999% copper to minimize losses in reflection. The tube had 
a diameter of 7.2cm and supported 30 transverse propagating modes over the 
frequency range of the experiment of 10 to 10.24 GHz. The sample was locally 
three-dimensional within the reflecting tube with length much greater than its 
diameter. The random waveguide was thus similar to a microscopically disordered 
wire in electronics. The wave incident at different parts of the input surface of this 
quasi-one-dimensional sample was thoroughly mixed on the output surface and 
intensity statistics were essentially uniform across the output except for fluctua- 
tions arising from the finite number of transverse modes. Radiation was strongly 
scattered within the sample over the frequency range of the experiment which was 
just above the first Mie resonance of the alumina spheres”. The value of 6 varied by 
less than 10% over this frequency range in the sample with L = 61 cm. 

The field output of the network analyser was amplified before it was directed at 
the sample through a horn placed on the axis of the sample tube as shown in Fig. 1. 
The transmitted field was detected by a wire antenna translated on a 2-mm-square 
grid over the output surface. The antenna was 4 mm long and 300 jm in diameter 
and was connected to the network analyser through a cable. The signal detected 
was the integral over the volume of the antenna of the component of the field 
directed along the wire axis. The dimensions of the wire were much smaller than 
the microwave wavelength in air of about 3 cm. Speckle patterns at each frequency 
were obtained from field spectra taken at each point on the output surface. The 
speckle patterns shown in Figs 1 and 2 were obtained using the two-dimensional 
Whittaker-Shannon sampling theorem. Ensembles of sample realizations were 
created by rotating the sample tube for several seconds after each measurement. 
Modes of an open system. The field of a mode of an open system may be 
factorized into space- and time-varying terms after pulse excitation. The time- 


varying term for the nth mode is cos Wnt exp (— —"t) for t> 0 and zero for t< 0. 
The decay rate of energy for the nth mode is /;,. The Fourier transform of the 
. Given that 


n 


T,/2+i@—@n) 
the form of g,,(@) is independent of dimension, we expect that the influence of 


absorption upon the mode linewidth and strength will similarly not depend on 
dimension. We therefore explored the impact of absorption in a simpler one- 
dimensional geometry using transfer matrix simulations. We found that the prod- 
uct a,, J, is independent of absorption and that spectra found without absorption 
are replicated to high accuracy by substituting a, j(r)/", / r for a,j(r) and 
r =I,—1/t, for I, in equation (1). This substitution was used to find the 
spectra that would be obtained in the equivalent nonabsorbing samples. The absorp- 
tion rate 1/t, was determined from measurements of the energy decay rate in a 
sample with reflecting end caps in which leakage from the sample was suppressed. 
Spatial modes of the medium are expected to be orthogonal over the volume of the 
sample’* but not across the output plane. This makes it possible for different modes 
to have similar speckle patterns. 


single sided exponential decay is the factor y,,(@) = 
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Separable nonlinear least-squares fitting. We used the separable nonlinear least- 
squares fitting method to decompose field spectra simultaneously at each of 45 
positions into a sum over modes using a common set of «,,, [),. The minimum is 


P=45 N 
found for the sum min 7? = min > E(rp,v) — ¥ An(Tp)P,| » where rp are the 
p=l n=1 


different positions at which the spectra were fitted. The problem was solved to 
yield the «,,, 1), and the mode speckle patterns by using classical nonlinear least- 
squares optimization methods, such as the Levenberg-Marquardt algorithm. In 
matrix format, this is: 


min y? = min||E-®al|? (2) 


where each column of the matrix E represents a spectrum ReE(v,), ImE(v,), ..., 
ReE(vy),ImE(vy)) at a single position rp and each column of a represents the 
corresponding complex amplitudes of the modes, Rea, Imaj, ..., Rea, Imay at 
position r,. The elements of matrix ® are ®3,,— 1,2,—1=ReQn(Vm), 
Poy —1,2n = —IMOpVyn)> Pom, 2n — 1 = IMP(V_) aNd @y,n,2n = REQ, (Vy) for the 
nth mode at frequency point m. The matrix a can very nearly be expressed as 
a= @'E, where ® is the Moore—Penrose pseudo-inverse of the matrix ® (refs 31 
and 32). Eliminating the linear coefficient a, the fitting problem becomes: 


miny? = min||(I— &&*)E||? (3) 


where ||...|| indicates the Euclidean norm of the matrix and I is the unit matrix. The 
problem can be solved using classical nonlinear least-squares optimization meth- 
ods, such as the Levenberg-Marquardt algorithm. Fitting was performed simul- 
taneously for P = 45 points. The set of w,, and J’, obtained from this global fit were 
then used to solve for the spatial mode amplitudes a,, (rp) for all measured points. 
Time-frequency analysis. To reveal the impact of modes on the dynamics of 
waves transmitted through random media, we computed the temporal evolution 
of the field as a function of the carrier frequency vo of an incident Gaussian pulse. 
The spectrum of the incident pulse Eo(r, t, vo) ~ exp(— (P/26/)cos(2nvgt) is a 
Gaussian in the frequency domain Fo(t)~ exp(—(v—vo)” / 20”), where 
o = (2n0,) |. Figures 3 and 4 were computed from the measured field spectra 
using time-frequency analysis’ for pulses with o =0.85MHz and 3 MHz, 
respectively, corresponding to Gaussian temporal pulse widths of o, = 187.4 ns 
and 53.1 ns. The increasing impact of long-lived narrow-line modes can be seen in 
the time-frequency spectra in Fig. 3. The narrow linewidth of the incident pulse 
makes it possible to determine the central frequencies of long-lived modes with 
high accuracy. These are used as initial values of parameters in the fit of the mode 
expansion in equation (1) to the measured spectrum. 


31. Golub, G. H. & Pereyre, V. Separable nonlinear least squares: the variable 
projection method and its applications. Inverse Probl. 19, R1-R26 (2003). 

32. Sima, D. M. & Huffel, S. V. Separable nonlinear least squares fitting with linear 
bound constraints and its application in magnetic resonance spectroscopy data 
quantification. J. Comput. Appl. Math. 203, 264-278 (2007). 

33. Cohen, L. Time-Frequency Analysis (Prentice Hall PTR, 1995). 
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Eocene global warming events driven by ventilation 
of oceanic dissolved organic carbon 


Philip F. Sexton>74, Richard D. Norris!, Paul A. Wilson’, Heiko Palike*, Thomas Westerhold?, Ursula Rohl’, Clara T. Bolton?+ 
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“‘Hyperthermals’ are intervals of rapid, pronounced global warming 
known from six episodes within the Palaeocene and Eocene epochs 
(~65-34 million years (Myr) ago)'"'’. The most extreme hyperther- 
mal was the ~170 thousand year (kyr) interval’ of 5-7 °C global 
warming® during the Palaeocene-Eocene Thermal Maximum 
(PETM, 56 Myr ago). The PETM is widely attributed to massive 
release of greenhouse gases from buried sedimentary carbon reser- 
voirs’**'»'*"!”, and other, comparatively modest, hyperthermals 
have also been linked to the release of sedimentary carbon?*"""*”, 
Here we show, using new 2.4-Myr-long Eocene deep ocean records, 
that the comparatively modest hyperthermals are much more 
numerous than previously documented, paced by the eccentricity 
of Earth’s orbit and have shorter durations (~40 kyr) and more rapid 
recovery phases than the PETM. These findings point to the opera- 
tion of fundamentally different forcing and feedback mechanisms 
than for the PETM, involving redistribution of carbon among 
Earth’s readily exchangeable surface reservoirs rather than carbon 
exhumation from, and subsequent burial back into, the sedimentary 
reservoir. Specifically, we interpret our records to indicate repeated, 
large-scale releases of dissolved organic carbon (at least 1,600 giga- 
tonnes) from the ocean by ventilation (strengthened oxidation) of 
the ocean interior. The rapid recovery of the carbon cycle following 
each Eocene hyperthermal strongly suggests that carbon was re- 
sequestered by the ocean, rather than the much slower process of 
silicate rock weathering proposed for the PETM’’. Our findings 
suggest that these pronounced climate warming events were driven 
not by repeated releases of carbon from buried sedimentary 
sources*®'!!©!”, but, rather, by patterns of surficial carbon redis- 
tribution familiar from younger intervals of Earth history. 

Earth’s climate attained its warmest state of the past 80 Myr during 
the early Palaeogene period (~45-65 Myr ago) (Fig. la). Centred 
within this interval at 56 Myr ago, the PETM marks a rapid excursion 
of 2.5% to >3.0%o in the carbon isotope composition (5'°C) of marine 
carbonates” and terrestrial organic matter concurrent with wide- 
spread dissolution of carbonate sediments'’’ and deep ocean warming 
by 6-7 °C (ref. 3). The source of carbon triggering this large perturba- 
tion to the exchangeable carbon reservoirs at Earth’s surface (ocean, 
atmosphere and biosphere) is widely acknowledged to have come from 
an ‘external’ sedimentary reservoir(s)'**'''*"'”. A long-standing hypo- 
thesis attributes this event to the release of massive amounts of methane 
from sedimentary gas hydrate deposits'®'''*"'°, with attendant oxida- 
tion to CO, causing climate warming through a greenhouse feedback’. 
Because of the relative rapidity of its onset, and the estimated quantity of 
sedimentary-sourced carbon involved, the PETM has attracted interest 
as a natural analogue to the current anthropogenic perturbation to 
Earth’s surficial carbon cycle. 

In recent years, six transient warming events comparable in character 
to the PETM, but less extreme in magnitude and duration, have been 
discovered throughout the early Palaeogene (at about 65.2, 58.2, 53.7, 
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Figure 1 | High-resolution records across the early Eocene to middle Eocene 
transition from ODP Site 1258, Demerara rise, tropical Atlantic. a, Deep sea 
benthic foraminifer composite 5'°O data for the past 80 Myr from multiple 
sites**”° (full list of data sources in Supplementary Note 1). PETM, Palaeocene-— 
Eocene Thermal Maximum. Light grey shaded area, early Palaeogene period 
(45-65 Myr ago). Dark grey shaded box, study interval for this work. 5'°O- 
temperature scale is for ice-free conditions* (—1.27%o VPDB). b-d, Data from 
ODP Site 1258, Demerara rise, with an astronomically calibrated age model 
(Methods). b, Benthic foraminifer 5'°O and calculated palaeotemperatures 
(Methods). All benthic 5'*O data in a and bare corrected to equilibrium calcite. 
c, Benthic foraminifer 8!°C. Note the repeated, rapid excursions to lower values. 
Events numbered (according to the magnetochron within which they occur) 
are those with a 5'°C excursion exceeding 0.7%o. Black arrows mark the 
stratigraphic positions of clay-rich CaCO; dissolution horizons (n = 18) made 
visible by their brown colour in the Demerara rise sedimentary sequence, 13 of 
which correspond precisely to the numbered, rapid excursions to lower benthic 
51°C values in c. The remaining 5 clay layers are also associated with trends to 
lower 813C, but of noticeably smaller magnitude. d, Estimated CaCO; content 
of sediment. Asterisks denote individual ‘hyperthermal’ events shown in more 
detail in Fig. 2. 


1Scripps Institution of Oceanography, University of California, San Diego, La Jolla, California 92093, USA. National Oceanography Centre Southampton, University of Southampton, European Way, 
Southampton SO14 32H, UK. 3MARUM — Center for Marine Environmental Sciences, University of Bremen, Leobener Strasse, 28359 Bremen, Germany. +Present addresses: Department of Earth and 
Environmental Sciences, The Open University, Milton Keynes MK7 6AA, UK (P.F.S.); Departamento de Geologia, Universidad de Oviedo, 33005 Oviedo, Spain (C.T.B.). 
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53.2, 52.5 and 41.8 Myr ago*"’). These ‘hyperthermals™ have not been 
found during the later and cooler part of the Eocene (after ~40 Myr 
ago) (Fig. la). The number of these hyperthermals, and the relative 
temporal spacing between some of them, is suggestive of the operation 
of common mechanisms**"’. Although various mechanisms have been 
proposed for the origin of these comparatively modest events”””’, it is 
widely considered that they too were triggered by large-scale releases of 
carbon from sedimentary reservoirs*®'''*’”, probably methane 
hydrates**!""®, Yet, the typical magnitude of the 8'°C anomalies across 
known hyperthermals (up to ~1.0%o) is not unusual for 8'°C records 
from the better chronicled Neogene period and, more importantly, 
these anomalies are not so large that they necessitate a source of carbon 
that is as extremely isotopically depleted as methane hydrate 
(85°C = —60%o). 

A new 2.4-Myr-long benthic foraminifer stable isotope record (Sup- 
plementary Discussion) from Demerara rise in the tropical western 
Atlantic Ocean (Ocean Drilling Program Site 1258) shows that events 
exhibiting the characteristics of previously identified hyperthermals 
are abundant in the Palaeogene deep-sea palaeoceanographic record. 
Spanning the early Eocene to middle Eocene transition (47.6-50.0 Myr 
ago), these records indicate that average temperatures in the early 
Eocene equatorial Atlantic were 12-14°C at about 3,000 m (ref. 8) 
palaeo-water depth (Fig. 1b). This warm deep ocean state is punctuated 
by 13 excursions to lower 5'*O values indicative of short-term warm- 
ing by ~2-4°C (Figs 1b, 2; events numbered in Fig. 1c), each lasting 
about 40 kyr and spaced about 100-400 kyr apart (Supplementary 
Discussion). These transient warming events develop very rapidly 
(<5-10kyr) and decay to ‘background’ temperatures more slowly 
(over ~30 kyr) (Fig. 2). 

Our accompanying benthic foraminifer 8'°C record shows that 
each warming event is marked by an excursion to lower 5'°C values 
by 0.7-1.0%o0 (Fig. 1c). Where planktic records are available for the 
most prominent negative excursions in the benthic 8'°C record, these 
also reveal negative 5'°C excursions of 0.6-0.9 %o (Fig. 2), suggesting 
that these events represent whole-ocean decreases in 5'°C of total 
dissolved inorganic carbon. 

All ofthe benthic 8'°C excursions are associated with brown clay-rich 
layers at Demerara rise (arrows in Fig. 1), a hallmark of other reported 
early Palaeogene hyperthermals'*”"°"*"’, that suggests increased cal- 
cium carbonate (CaCO) dissolution. Clay layers occur in other parts 
of the record as well, associated with 5'°C excursions of smaller mag- 
nitude than our numbered excursions (Fig. 1c). This suggests that the 
largest hyperthermals (those numbered in Fig. 1c) represent prominent 
end-members in a spectrum of carbon cycle perturbations that scale up 
from orbitally paced ‘background’ cycles. Records of estimated CaCO; 
concentrations from Demerara rise (palaeo-water depth ~3 km; ref. 8) 


and sites in the southern Atlantic and central Pacific oceans (palaeo- 
water depths ~3 and 2 km, respectively; Supplementary Discussion) 
reveal synchronous, globally widespread decreases in CaCO3 accumula- 
tion (Supplementary Fig. 2e-g). Calculations of CaCO dissolution 
associated with the clay layers in the Atlantic and Pacific (Supplemen- 
tary Discussion) indicate that CaCO; dissolution events (Fig. 3b-d) are 
coeval with the large negative benthic §'°C excursions at Demerara rise 
(Fig. 3a). This correspondence strongly suggests that global increases 
in deep ocean acidity were associated with intervals of isotopically 
‘light’ carbon pervading the world’s oceans. 

These perturbations to oceanic carbon cycling could have been fuelled 
by carbon input from a number of different sources. Besides methane 
hydrates, erosion of sedimentary organic carbon (Co,,) could supply 
carbon with a 8'°C composition (about —25%0) that is less depleted 
than that of methane (—60%bo). A third potential source is redistribution 
of carbon within the exchangeable reservoirs at Earth’s surface (ocean, 
atmosphere and biosphere). Redistribution of isotopically light carbon 
among the internal, readily exchangeable reservoirs should produce 
88°C excursions with fundamentally different size, shape, duration 
and recovery trends than carbon input from an external, sedimentary 
reservoir. 

Mass balance considerations (assuming masses of Eocene carbon 
reservoirs similar to modern) dictate that the ~1%o 8'°C excursions 
we observe are compatible with injection of a mass of carbon from 
methane hydrates (—60%o) of about 650 gigatonnes (Gt). But this mass 
of carbon is far too small to have driven our corresponding deep ocean 
warmings of 2-4°C (Figs 1b, 2), particularly given that deep ocean 
warming of 6-7 °C at the PETM? was triggered by release of ~3,000 
to 6,000 Gt of carbon’”. The large and widespread increases in CaCO 3 
dissolution associated with our hyperthermals also appear to demand a 
much larger input of carbon than the 650 Gt permitted by a methane 
hydrate source. 

The 5'°C composition of sedimentary Co,, (about —25%0) permits a 
much larger carbon release (~ 1,600 Gt) to be accommodated within the 
observed 1%o 5°C excursions of hyperthermals, but problems also exist 
with this explanation. The ~ 140-kyr residence time of carbon in Earth’s 
exchangeable reservoirs'*** suggests that the liberation of a substantial 
quantity of isotopically light carbon from an external, deeply buried 
source should have a long imprint on oceanic and atmospheric 5'°C 
(approaching the residence time)'* until the excess carbon is ultimately 
sequestered back into the long-term sedimentary carbon reservoir by 
weathering reactions!*. This behaviour is demonstrated at the PETM, 
which shows a 8'°C excursion ~170 kyr in duration? with a very long 
recovery ‘tail’*°"' that produces a very asymmetrical excursion and 
reflects the long timescales required for weathering to draw down this 
external CO, and return it to the sedimentary reservoir as CaCO3. 


Figure 2 | Details of stable isotope data 
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However, our 5'°C excursions are too short (only ~40-kyr total dura- 
tion), and return to pre-excursion values too fast (within 30 kyr; Figs 1c, 
2) and to a post-excursion baseline that is isotopically no different from 
pre-excursion, to be compatible with large-scale liberation of isotopi- 
cally light carbon from a buried reservoir. The recoveries seen for other 
hyperthermals***"°"® are also too rapid to represent sequestration of 
substantial amounts of sedimentary-sourced carbon. 

The incompatibility of hyperthermals with external, sedimentary 
carbon sources indicates that the carbon that fuelled them was probably 
redistributed within the readily exchangeable reservoirs at Earth’s sur- 
face. Although some of this carbon may have come from the terrestrial 
biosphere, possibly acting as a feedback to a primary source, we are 
unable to test this possibility with our data at present. However, the 
oceans are by far the largest of these exchangeable reservoirs; the 
present-day oceans contain 13 times as much carbon as the combined 
biosphere and atmosphere—all told about 40,000 Gt of carbon. Today, 
this mass of oceanic carbon comprises about 37,500 Gt of dissolved 
inorganic carbon (8°C ~ 0%o), 30 Gt of particulate organic carbon 
(83°C ~ -—25%o) and 700-1,800Gt of dissolved organic carbon 
(DOC; 5'°C ~ —25%o). Redistribution of a mass of isotopically light 
carbon equivalent to the entire modern DOC reservoir (~ 1,600 Gt C) 
would be required to produce the ~1.0%o 5'°C excursions seen for our 
events and previously reported ones***’°’, but the DOC reservoir size 
would probably grow, perhaps many fold, under more oxygen-depleted 
deep ocean conditions. Within the oceans, the two principal reservoirs 
for storing large quantities of carbon are marginal basins or the abyssal 
ocean. Because of its sheer size, the deep abyssal reservoir of carbon has 
long been implicated in the regular fluctuations (~ 100 parts per million 
by volume, p.p.m.v.) of atmospheric CO2 and ~5 °C surface temper- 
ature changes seen across the late Pleistocene glacial cycles. It has 
recently become clear that the abyssal Southern Ocean has played a 
pivotal role in Pleistocene carbon cycling though its gradual amassing of 
respired CO, during glacials'®*' and subsequent release via increased 
ventilation’ *' during deglaciation. 

Several observations suggest that the source of CO; fuelling Eocene 
hyperthermals was the abyssal ocean. First, our dissolution records 
provide clues to the location of CO; storage in the exchangeable carbon 
reservoirs. Numerical modelling experiments indicate that CaCO3 dis- 
solution should be most intense close to the source of carbon release’’. 
In our estimates of CaCO; dissolution, dissolution intensity appears to 
be consistently highest in the southern Atlantic (Fig. 3e) compared to 
other sites. This finding raises the possibility that the abyssal reservoir 
of carbon was located in the Southern Ocean. Second, all of our 
hyperthermals have a duration of about 40 kyr (Fig. 1b, c, Fig. 2). 
The similarity of this period to the 41-kyr obliquity cycle suggests that 
the forcing for individual hyperthermal events had its origin at high 
latitudes. This observation is consistent with an obliquity pacing of 
high latitude surface ocean stratification controlling carbon ventilation 
(via oxygenation), as proposed for the last deglaciation”. 

If the source of CO, driving Eocene hyperthermals was the deep 
ocean, a number of observations suggest that our Eocene sites may be 
somewhat analogous to intermediate-depth sites during Pleistocene 
glacials that were located above a deeper CO; storage reservoir”. 
First, the absence before our hyperthermals of either gradually decreas- 
ing benthic 8'°C or increasing dissolution intensity (Figs 1c, 2) indi- 
cates that our mid-depth (2-3 km) sites did not ‘sense’ the gradual 
(~104-10° year) build-up of a CO) reservoir until its final release. 
Second, early Eocene sediments from lower abyssal depths reveal 
lithological indications for relatively long intervals of carbon storage 
followed by short, intermittent intervals of carbon release (Supplemen- 
tary Discussion). 

The relatively long ~100-kyr or 400-kyr intervals between CO; 
release events (Fig. 1) would suggest an apparent means by which a 
large Eocene abyssal reservoir of DOC could intermittently grow. 
Yet increases in the DOC reservoir are difficult to achieve solely by 
long residence times of deep water, owing to progressive bacterial 
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Figure 3 | Eocene records of benthic foraminifer 5'°C and CaCO; 
dissolution. a, Benthic 8'°C from Fig. 1c (Demerara rise, ODP Site 1258, tropical 
Atlantic). b-d, Records of calculated CaCO; dissolution from ODP Site 1258 
(b), ODP Site 1267, southern Atlantic (c), ODP Site 1210, Pacific (d), and 
smoothed versions (25-point running mean) of all three (e). Shaded envelopes in 
e are lo variance about the mean. Simultaneous increases in CaCO3 dissolution 
occur at all three sites and are marked by visible, brown ‘clay layers in sediment 
cores at each of the sites (marked by solid black arrows). Blue arrows mark our 
assumed “zero-dissolution points’ for each site (that is, the primary, unaltered 
fractional component of CaCO; in the sediment; Supplementary Fig. 2 and 
Supplementary Discussion). Light blue horizontal bars mark the interval at each 
site within which the last appearance datum (LAD) of the nannofossil Discoaster 
lodoensis occurs, providing a primary point of stratigraphic correlation between 
sites. Inset map from ODSN Plate Tectonic Reconstruction Service. 


respiration primarily of young, labile DOC components during the 
water mass ageing process**. However, under anoxic conditions, DOC 
may build up. For example, concentrations of DOC in the anoxic depths 
(>2,000 m) of the modern Black Sea are ~2.5 times those of the global 
deep ocean”’. An early Eocene decoupling of marine burial rates of Cog 
versus pyrite indicates that the ocean during this interval regularly 
experienced pronounced anoxia”*. We suggest that this persistent 
anoxia, perhaps in the severely undersampled early Eocene abyss, 
and at least partly driven by the lower solubility of oxygen at warmer 
abyssal temperatures (Fig. 1a, b), would have promoted the build-up of 
a reservoir of DOC large enough to have fuelled hyperthermal carbon 
releases of ~1,600 Gt. Anoxia in the Eocene abyss is consistent with 
modelling projections for the next few millennia indicating a large 
reduction in abyssal ventilation (by up to 75%)” in response to climate 
warming induced by an ‘anthropogenic’ atmospheric partial pressure 
of CO, (1,700 p.p.m.v.) similar to that of the early Eocene. 

Further support for the existence of a larger-than-modern Eocene 
deep (>3km) ocean reservoir of DOC is found in surface-to-deep 
profiles of seawater temperature and 5'°C reconstructed from multiple 
species of planktic and benthic foraminifera (Supplementary Fig. 4). In 
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comparison to recent core-top data, Eocene data reveal a greater total 
surface-to-seafloor 5'°C difference along with a steeper vertical gradient 
of 5'°C of dissolved inorganic carbon versus temperature (Supplemen- 
tary Fig. 4). These two observations are respectively consistent with a 
deeper mean Co,, remineralization depth and an intensification of 
organic carbon production in the upper ocean. The resultant greater 
Eocene vertical export flux of carbon may have allowed the un- 
remineralized DOC component to build up to higher-than-modern 
levels. Furthermore, the much greater species diversity of calcareous 
nannofossils relative to diatoms throughout the early Palaeogene”* may 
have accelerated the abyssal transfer of C,,, from the surface owing to 
the greater ballasting efficiency of CaCO; relative to opal’’. A major 
switch to greater species diversity of diatoms relative to calcareous 
nannofossils (at ~40 Myr ago)’* coincides with the last documented 
early Cenozoic ‘hyperthermal’ event'®. 

Although the PETM must have been fuelled by carbon injection from 
an external, sedimentary source(s), we suggest that astronomically 
paced changes in ocean ventilation (oxygenation) of DOC may explain 
the numerous less extreme hyperthermals that are being discovered*"’ 
throughout the early Palaeogene. CO, ventilation is a viable mechanism 
with which to sustain the repeated, frequent carbon releases that define 
hyperthermals over a geologically extended interval (Fig. 1b, c)** 
because the recharge times of the abyssal ocean (via decomposition of 
organic matter) are rapid compared to the slow, multi-million-year 
filling of sedimentary methane hydrate reservoirs”. The extraordinarily 
warm mean state of the Palaeogene oceans (Fig. la, b) also raises the 
question as to whether large-scale methane hydrate reservoirs would 
even have existed at this time*’. Despite the extreme nature of these 
repeated Palaeogene climate warming events, our findings indicate that 
they were driven by changes in storage of carbon within the oceans, ina 
manner somewhat familiar from younger intervals of Earth history. 


METHODS SUMMARY 


5'°O and 8'°C data were generated using mono-specific analyses of the benthic 
foraminifers Cibicidoides subspiratus and Cibicidoides eoceanus at the National 
Oceanography Centre, University of Southampton, Southampton. High resolution 
Eocene records of CaCO; concentrations were calculated, by regression, using sedi- 
ment physical property data and measurements of sediment CaCO; content. We 
developed an astronomically calibrated age model for Site 1258 (Demerara rise). 
Detailed chronologies for sites 1267 and 1210 were generated by tuning clear, 
correlatable events in their respective CaCO; (%) records to the astronomically 
calibrated CaCO  (%) record from Site 1258. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Stable isotope data. Benthic foraminifera were picked from the 250-400 tm size 
fraction. Stable isotope data were generated at the National Oceanography Centre, 
University of Southampton, Southampton, using a Europa Geo 20-20 mass spectro- 
meter equipped with an automatic carbonate preparation system. For each analysis, 
between 4 and 11 mono-specific specimens were analysed after ultrasonic cleaning 
in deionized water. All data are reported relative to the Vienna Peedee Belemnite 
standard (VPDB). External analytical precision, based on replicate analyses of in- 
house standards calibrated to NBS-19, is better than +0.1%o for 5'80 and 8'°C. 

Early Eocene through to middle Eocene sediments at ODP Site 1258 (Demerara 
rise) host well preserved benthic foraminifera®. Cibicidoides subspiratus was used as 
the primary species for stable isotope analysis. However, in certain intervals, notably 
in the younger part of our record (after 48.5 Myr ago), a decline in abundance of C. 
subspiratus dictated that we also use C. eoceanus. Although modern core top samples 
show significant inter-species stable isotope offsets between certain species of 
Cibicidoides*’, our calculated inter-species offsets for the two Eocene species of 
Cibicidoides (from paired mono-specific analyses, n = 168) are statistically indistin- 
guishable from zero for both 880 and 86°C (8'8O = —0.031 (1a = 0.128); 
5'°C = 0.009 (1g = 0.133)). This provides justification for our strategy of using these 
two species in combination. Benthic foraminiferal taxonomy follows that of refs 32 
and 33. 

All 8'°O data are corrected to equilibrium calcite using the Oridorsalis spp. - 
Cibicidoides spp. correction factor of +0.28%o derived from an assessment of iso- 
topic offsets for Eocene benthic foraminifera**. Use here of this correction factor is 
based on evidence (summarized in ref. 8) that Eocene Oridorsalis umbonatus 
secreted its calcite in 5'°O equilibrium with sea water. Palaeotemperatures were 
calculated using equation (1) of ref. 35. This equation provides excellent agreement 
with a global core top Cibicidoides spp. 5'°O calibration for a temperature range 
from 0 to 7 °C (ref. 35). In keeping with the view that there were no significant 
continental ice sheets during the early to early middle Eocene**”, our 5'°O records 
can be interpreted in terms of change in bottom water temperature at Demerara rise. 
Age models. Drilling at Site 1258 recovered an unusually continuous, relatively 
expanded (sedimentation rates up to 2.5cmkyr ') sedimentary section across the 
lower to middle Eocene boundary with unprecedented magneto-, bio- and cyclo- 
stratigraphic control for this interval**“°. We developed an astronomically calibrated 
age model for Site 1258 by tuning clear and pronounced obliquity (~40-kyr) cycles 
in the magnetostratigraphically calibrated magnetic susceptibility (MS) time series 
(Supplementary Fig. 1a) to computed obliquity cycles from the most recent astro- 
nomical solution*!. Our tuning strategy is validated by the presence in our tuned MS 
time series of substantial power (and coherency with our tuning target) at frequen- 
cies of 23, 21 and 19kyr (precession), 54 kyr (obliquity) and 96 kyr (eccentricity) 
(Supplementary Fig. 1b), even though these frequencies were not used in the tuning 
process. An absolute calibration to the astronomical solution is, at present, unat- 
tainable for the early to middle Eocene because of limitations in the precision of 
computed orbital variations pre-40 Myr ago"! and because of significant uncertain- 
ties in radiometric age calibrations**’. Consequently, we develop a ‘floating’ astro- 
nomically tuned timescale, using the C21r/C22n magnetochron boundary 
(age = 49.037 Myr ago”) identified at Site 1258° as our anchor point. 

Age models for the estimated CaCO (%) records for ODP 1267 (Walvis ridge) 
and ODP 1210 (Shatsky rise) are derived by correlating the stratigraphic position 
of a biostratigraphic datum (LAD of the nannofossil Discoaster lodoensis) at both 
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of these sites to its position at Site 1258 (Supplementary Table 1). Further age 
model refinement was achieved by tuning clear, correlatable events in CaCO3 (%) 
records from Sites 1267 and 1210 to the astronomically calibrated CaCO; (%) 
record from Site 1258 (Supplementary Tables 2 and 3). This tuning strategy was 
held as relaxed as possible, using a minimum of tie points. 

Eocene records of CaCO; concentrations. We use sediment colour and magnetic 
susceptibility data in conjunction with measurements of sediment CaCO; con- 
tent** to calculate, by regression, sediment CaCO, content at high resolution at 
Demerara rise (Fig. 1d; Supplementary Fig. 2e). We use comparable data*** to 
perform the same regressions for two other deep sea drill sites (ODP 1267, Walvis 
ridge, southern Atlantic and ODP 1210, Shatsky rise, central Pacific) (Supplemen- 
tary Fig. 2f and g). At all three sites, estimated CaCO} concentrations prove to be a 
good predictor of measured CaCO; concentrations (Supplementary Fig. 2a-c). 
For methods for calculating CaCO; dissolution from our Eocene CaCO; records, 
see Supplementary Information. 
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The role of crustal quartz in controlling Cordilleran 


deformation 


Anthony R. Lowry! & Marta Pérez-Gussinyé” 


Large-scale deformation of continents remains poorly understood 
more than 40 years after the plate tectonic revolution’. Rock flow 
strength and mass density variations both contribute to stress, so 
both are certain to be important, but these depend (somewhat 
nebulously) on rock type, temperature and whether or not 
unbound water is present. Hence, it is unclear precisely how 
Earth material properties translate to continental deformation 
zones ranging from tens to thousands of kilometres in width, 
why deforming zones are sometimes interspersed with non- 
deforming blocks and why large earthquakes occasionally rupture 
in otherwise stable continental interiors. An important clue comes 
from observations that mountain belts and rift zones cyclically 
form at the same locations despite separation across vast gulfs of 
time’ (dubbed the Wilson tectonic cycle), accompanied by inver- 
sion of extensional basins* and reactivation of faults and other 
structures formed in previous deformation events’. Here we show 
that the abundance of crustal quartz, the weakest mineral in con- 
tinental rocks”, may strongly condition continental temperature 
and deformation. We use EarthScope seismic receiver functions®, 
gravity and surface heat flow measurements’ to estimate thickness 
and seismic velocity ratio, vp/Vs, of continental crust in the western 
United States. The ratio vp/Vg is relatively insensitive to temperature 
but very sensitive to quartz abundance®*”. Our results demonstrate a 
surprising correlation of low crustal vp/vs with both higher litho- 
spheric temperature and deformation of the Cordillera, the moun- 
tainous region of the western United States. The most plausible 
explanation for the relationship to temperature is a robust dynamical 
feedback, in which ductile strain first localizes in relatively weak, 
quartz-rich crust, and then initiates processes that promote advective 
warming, hydration and further weakening. The feedback mech- 
anism proposed here would not only explain stationarity and spatial 
distributions of deformation, but also lend insight into the timing 
and distribution of thermal uplift’ and observations of deep-derived 
fluids in springs". 

Separating thermal and compositional influences on lithospheric 
rheology, understanding the roles of crust and mantle in lithospheric 
stability, and explaining structural reactivation and the Wilson tectonic 
cycle are among the primary goals of EarthScope', a major research 
equipment initiative to illuminate solid Earth processes using dense 
seismic and geodetic arrays. EarthScope’s transportable seismic array 
has collected data at more than 1,000 sites and will eventually sample 
the entire continental United States at ~70-km spacing. 

Compressional (vp) and shear (vs) seismic velocity fields are some- 
what ambiguous tools for separating compositional variations from 
thermal effects, because they are sensitive to both. However, the ratio 
vp/Vs is very sensitive to compositional variations in crustal rocks, and 
particularly the silica content (Fig. 1a, after ref. 8). Weighted regression 
of density versus vp/vs for continental rock types tracks the line from 
granite to gabbro, the silicic and mafic end-members of continental 
crystalline rocks. Variation in vp/vs for a large range of temperature’ is 
comparatively small. Inspection of vp/vs for constituent minerals 
(Fig. 1b) reveals that rock compositional dependence predominantly 


reflects sensitivity to quartz, because mafic minerals exhibit vp/vs that 
is similar to (or slightly lower than) feldspar and mica, the other major 
constituents of granite. 

A geophysical tool for mapping quartz concentration in crustal 
rocks would illuminate crustal deformation processes, because flow 
strength of crustal rocks is also sensitive to quartz. Mineral flow 
strength’ for the lesser of dislocation and diffusion creep is shown in 
Fig. 1c; the strength of mineral constituents bounds that of rock aggre- 
gates (and weaker constituents are favoured). Hence the key factors 
influencing flow viscosity are temperature, water fugacity and abund- 
ance of quartz. 

The ratio vp/vs is not widely used to estimate crustal composition 
because accurate estimation is difficult. Body wave tomograms, for 
example, often have very different path sampling for shear and com- 
pressional waves. Receiver-function studies of differences in P- and 
mode-converted S-wave arrival times from the Moho are sensitive to 
both crustal thickness (H) and vp/vs (K), so both can be estimated from 
amplitude stacks of seismic arrivals at times predicted for a range of 
possible H and K (ref. 12). However, vp/vs is poorly determined in 
receiver-function analyses when crustal depths are aliased, so it is 
commonly treated as a nuisance parameter if seismometer spacing 
exceeds a few tens of kilometres. Indeed, EarthScope Automated 
Receiver Survey (EARS*) estimates of vp/vs behave very much like 
random noise (Fig. 2a and c). An example H-K parameter stack from 
Nevada (Fig. 2d) illustrates some of the problems: stack amplitude 
maxima are elongate in the K dimension, and real-Earth violation of 
the method’s implicit assumptions (a one-dimensional medium with a 
single impedance contrast) results in smearing of stacked phase arrival 
energy and multiple maxima. 

To improve resolution of bulk crustal vp/vs, we modified EARS H-K 
parameter stacks using two likelihood filters: one derived from spatial 
statistics (using optimal interpolation), and another from gravity 
modelling of the crustal thickness and vp/vs fields (see Methods). 
Crustal thickness and vp/vs parameters trade off unfavourably in both 
the receiver-function stack (Fig. 2d) and the gravity modelling 
(Fig. 2e). Combining the information content from the two data sets 
is advantageous, because the parameter confidence axes are approxi- 
mately orthogonal, resulting in a “cross-hairs’ on the model parameter 
space (and hence a much improved estimate of vp/vs, shown in Fig. 3). 

Variations in vp/vs have been attributed to both compositional var- 
iations and pore fluid pressure effects. High (that is, greater than 
hydrostatic) pore fluid pressure can significantly raise vp/vs, but it 
would also lower density. In the western United States, composition 
dominates, as evidenced by the positive sign of the density parameter 
relating vp/vs to observed gravity (grey line in Fig. 1a; see Methods). 
Figure 3 exhibits high vp/vs in several well-studied mafic provinces, 
including the Snake River plain (where the Yellowstone hotspot has 
intruded massive quantities of basalt’*) and oceanic-derived terranes in 
the Cascadia forearc'* and the Great Valley forearc basin’. Crust 
beneath the Idaho and Coastal Range granitic batholiths has anoma- 
lously low vp/Yg, as it does under eastern parts of the Sierra Nevada and 
Baja batholiths and the Cascade volcanoes. The *’Sr/*°Sr = 0.706 
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Figure 1 | Laboratory measurements of rock properties. a, Density p versus 
velocity ratio vp/vs for rocks’; bars are 10. Green line is a weighted regression of 
laboratory measurements; grey line depicts slope inverted from geophysical 
data (see Methods). Cyan curve shows feldspar temperature dependence for a 
20-900 °C range’; other minerals behave similarly. b, Density versus vp/vs for 
minerals* shows quartz dominates the compositional relationship. c, Flow 
strength for crustal mineral constituents’, assuming 10 — 14 <1 strain rate, 1 mm 
grain size, and a geotherm from the Colorado plateau. Brittle-field failure 
assumes a frictional coefficient 4. = 0.2. Temperature, quartz abundance and 
water fugacity determine whether the lower crust flows. 
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isopleth'*’’, a contour of isotopic measurements thought to mark 
the boundary between young oceanic-derived crust and older, 
Precambrian continental crust, tracks a sharp boundary between high 
Vp/Vg to the west and low to the east where the isopleth is well-sampled 
(California and Idaho). 

The variation of vp/v, exhibits a remarkable correspondence to the 
Cenozoic tectonic strain history. The Basin and Range and Rio Grande 
rifts have relatively low vp/vs ratio, particularly along the margins 
where modern strain rates are highest. The Rocky Mountain provinces 
(where Laramide thick-skin tectonism was substantial but modern 
strain-rates are low) also have low vp/vs. Deformation-resistant 
Cordilleran blocks such as the Great Valley, Columbia plateau and 
Colorado plateau have higher vp/vs, as does the stable continental 
interior, especially in the northern Great Plains. 

Perhaps most interesting is the strong inverse correlation observed 
between vp/vs and surface heat flow’ (compare Fig. 3 with Fig. 4a). 
Quantitatively, the correlation coefficient r is —0.56, significant at 
more than 260 confidence, for gravity fields derived from thermal 
and vp/vg models (see Methods and Supplementary Fig. 2). This is 
surprising, in that the direct effect of temperature on seismic velocities 
(for example, cyan line in Fig. 1a) would entail high vp/vg in warm 
regions. Thermal conductivity is sensitive to composition"’, but also to 
temperature, such that granite has 20% greater conductivity than 
gabbro at the surface, equal conductivity at ~225 °C and 30% lower 
conductivity at 700 °C. Hence refractory conduction through the crust, 
in which three-dimensional heat transfer is favoured in lateral zones of 
higher conductivity, should yield an opposite-signed relation to that 
which we observe, and the shallower variations will partially offset the 
opposite-signed deeper refraction yielding a net-small effect on surface 
heat flow. Radiogenic heat production is also sensitive to composition, 
and the relationship predicted between vp/vs and heat flow variation 
has the correct sign, but also would be small relative to measured heat 
flow variations. Radial vs anisotropy’’ probably perturbs the signal, 
and has been observed to be strongest in rifted corridors where advec- 
tive heat transfer is also greatest. However, the pattern of anisotropy 
variation is very different to that of vp/vs, and the 0-5% measured 
range of crustal anisotropy roughly maps to the ~0.08 lo uncertainty 
of the vp/vs estimates. 

Inverse correlation of vp/vs to heat flow makes sense if we consider 
that advective processes dominate Cordilleran heat flow variations”. 
Advective processes include lithospheric thinning via rifting”’, asthe- 
nospheric return flow over mantle drips”, and associated processes of 
magmatism and fluid flux, which are amplified by warming-induced 
release of water bound in lower-crustal minerals”. Higher tempera- 
tures and water both serve to decrease ductile strength, so puzzling 
observations like the Wilson cycle, basin inversion and structural 
reactivation may arise from a geodynamical feedback engendered by 
variations in crustal silica: ductile strain initially localizes where quartz 
concentrations are greatest and the crust is weakest; strain induces 
lithospheric thinning (in extension) or Rayleigh-Taylor instability 
(in contraction) which promotes advective heat transfer; the resulting 
warming hydrates the crust and further weakens the lithosphere, feed- 
ing back on the strain localization. 

Spatial distributions of deep-derived fluid flux, inferred from surface 
sampling of *He/*He and 5'°C isotopic ratios’, lend support to this 
hypothesis: deep-derived fluid flux is found almost exclusively in regions 
of low crustal vp/vs, opposite to the relationship expected if pore fluid 
pressure were a significant fraction of the signal°. Observations of high 
CO, fluxes" are consistent with the expectation that CO, and water must 
be present in combination to buffer against resorption of these highly 
reactive volatiles into crystalline rock”. These fluids may be an important 
vector for Cordilleran advective heat transfer, and hence it is conceivable 
that the relationship of crustal quartz abundance to deformation pro- 
posed here would not be possible without the water cycled into the 
lithosphere during subduction cycles. Of course, not all advective pro- 
cesses begin with surface strain: the Yellowstone-Snake River plain 
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Figure 2 | Likelihood filtering of crustal 
thickness and vp/vs. a, Raw EARS* estimates of vp/ 
vs. b, Binned (red circles) and modelled (blue line) 
root-variograms (root mean squared-difference as 
a function of distance) of crustal thickness 
measurements; light colours are raw EARS 
estimates; full colour saturation, our final model. 
c, Root-variograms of vp/vs. d, EARS® H-K stack 
for Transportable Array site O0O9A (H = 25 km; 


K = 2.08). e, OO9A stack after likelihood filtering 
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(H = 29.75; K = 1.76). 1-20 contours of optimal 
interpolation (grey) and gravity (white) models 
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Figure 3 | Bulk crustal vp/v, of the western United States. Dashed white lines 
are physiographic province boundaries; dashed black outlines large granitic 
batholiths; solid grey line is the approximate °’Sr/*°Sr = 0.706 isotopic isopleth. 
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system responded to deep-mantle rather than lithosphere dynamics. But 
high correlation of lithospheric temperature to crustal composition sug- 
gests the feedback mechanism proposed here can be important, and 
advective heating promoted by deep fluid flux may also lend new insight 
into the distribution and timing of Cordilleran thermal uplift’®. 

Crustal thickness (Fig. 4b) is also inversely correlated with both heat 
flow (r= -0.32) and vp/vs (r = -0.14). These correlations are highly 
significant (at >12¢ and 50 confidence, respectively), and expected if 
our proposed dynamical feedback is correct, but coefficients are sub- 
stantially lower than for vp/vg and temperature. A likely reason for 
weaker correlation of crustal thickness is suggested by the relationship 
of Cordilleran strain history to lithospheric effective elastic thickness, T. 
(Fig. 4c), estimated from an optimized isostatic analysis of gravity and 
topography**. Modern crustal thickness reflects both orogenic thick- 
ening before 30 Myr ago and thinning by subsequent rifting. Values of 
T. > 30km imply a contribution of mantle strength’**, and whereas 
extended provinces westward of Sevier-belt thin-skinned contraction 
exhibit no modern mantle strength, the uppermost mantle under 
Laramide thick-skinned thrusts remains strong today. Extension has 
been relatively weak in the Laramide foreland where the mantle is 
strong. As Laramide thickening focused in regions of more abundant 
crustal quartz, the net result is thicker crust associated with lower vp/vs 
(whereas in regions of low mantle strength, the opposite is true). There 
is evidence of latest Quaternary normal faulting throughout the 
Laramide foreland provinces, however, leaving open the possibility of 
future weakening. Regardless, the potential for vp/vs mapping to help 
resolve ambiguities in crustal versus mantle contributions to total 
lithospheric strength is intriguing. 
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Figure 4 | Related fields. Dashed white lines are physiographic province 
boundaries. a, Surface heat flow’; black circles are borehole measurement sites. 
b, Crustal thickness. c, Effective elastic thickness from coherence analysis of 
gravity and topography”. Grey lines approximate the eastern limits of Sevier 
thin-skin contraction (solid) and Laramide foreland thick-skin contraction 


Also of interest is the residual of the gravity model (Fig. 4d). The 
residual anomalies lend confidence to the inference that unmodelled 
mass anomalies do not contaminate estimates of the bulk crustal com- 
position, crustal thickness or thermal variation fields. Figure 4d shows 
recognizable evidence of surficial mass (for example, low density of 
sedimentary basins) as well as mass variation within the asthenospheric 
mantle. For example, residual buoyancy centred in the northern Basin 
and Range is similar to a ‘dynamic elevation’ anomaly previously 
derived from topography and crustal seismic refraction data, and inter- 
preted as an asymmetric Yellowstone swell**. However, improved reso- 
lution by this analysis suggests that return flow over seismically imaged 
mantle drips**’” may dominate the asthenospheric mass signal. Deep- 
seated buoyancy anomalies such as these reflect relatively recent 
changes in temperature towards the base of the thermal boundary layer, 
and so may prove fruitful locations to look for evidence of the advective 
transfer processes proposed here. 

In initial stages of tectonism (when geotherms are more-or-less 
uniform), one can reasonably expect strain focusing where crust is 
silica-rich and hence weak. Laramide thick-skinned thrusting in the 
middle Rocky Mountains of Wyoming (where modern T, exceeds 
80km) confirms that crustal strain focusing can occur even in the 
presence of a thick, strong mantle lithosphere if tectonic forcing is 
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sufficiently robust (for example, during flat-slab subduction). One 
can also reasonably expect that advective heat transfer processes asso- 
ciated with strain will amplify lithospheric weakness. Comparisons of 
crustal vp/vs to geothermal variations suggest that this dynamical feed- 
back mechanism plays a significant role in defining spatial distribu- 
tions of tectonic strain and uplift. Examining these in the context of 
total lithospheric strength may improve our understanding of the roles 
played by the crust and mantle. EarthScope will afford an important 
test of the hypothesis as it moves further east and traverses the 
Appalachian orogeny, where Wilson first postulated cyclical repetition 
of tectonic events’. 


METHODS SUMMARY 


The analysis developed for this study introduces several innovations to the com- 
bination of complementary geophysical data. The primary data set consisted of 
EARS® H-K parameter stacks of seismic receiver-function amplitudes. Structures 
at crustal depths (that is, less than 50km) are spatially aliased by near-vertical 
arrivals to EarthScope’s transportable array, which samples at a nominal 70 km 
spacing. Uncertainties inherent in a lack of redundant sampling of the crust were 
mitigated using spatial statistics, by deriving likelihood filters at each site from 
optimal interpolations (OI) of the crustal thickness and vp/vs estimates at neigh- 
bouring sites. A second likelihood filter was derived by modelling the Bouguer 
gravity field predicted by estimates at surrounding sites, allowing crustal thickness 
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and vp/vg to vary at the site of interest, and comparing to measured gravity. The 
combination of these filters emphasizes receiver-function stack amplitude maxima 
within the model-space of high likelihood rather than forcing a model parameter- 
ization preferred by the OI or gravity models. Gravity contains signals from other 
mass fields besides crustal thickness and crustal composition, however, and within 
the study region the largest is mass related to geotherm variations, or thermal 
mass. Thermal mass was modelled independently from geotherms estimated using 
surface heat flow measurements’ and surface radiogenic element concentrations 
derived from airborne y-ray spectroscopy measurements**”°. The combination of 
these was used to derive a model of crustal radiogenic heat production before 
calculation of the thermal structure. The geotherm estimates implicitly include an 
advective contribution to heat transfer from extensional strain”; strain rates required 
to maintain the measured heat flow are generally two to five times larger than 
geodetically observed rates, suggesting a significant role for magmatic and hydro- 
thermal processes in Cordilleran advective heat transfer. Additional methodological 
details are provided in Online Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 


Received 7 October 2010; accepted 10 February 2011. 


1. Williams, M. L. et a/. Unlocking the secrets of the North American continent: an 
EarthScope science plan for 2010-2020. (http://www.earthscope.org/ESSP) 
(2010). 

2. Burgmann, R. & Dresen, G. Rheology of the lower crust and upper mantle: 
evidence from rock mechanics, geodesy and field observations. Annu. Rev. Earth 
Planet. Sci. 36, 531-567 (2008). 

3. Wilson, J.T. Did the Atlantic close and then re-open? Nature 211, 676-681 (1966). 

4. Ziegler, P. A. et al. Dynamics of intra-plate compressional deformation: the Alpine 
foreland and other examples. Tectonophysics 252, 7-59 (1995). 

5. Sykes, L. R. Intraplate seismicity, reactivation of pre-existing zones of weakness, 
alkaline magmatism, and other tectonism postdating continental fragmentation. 
Rev. Geophys. 16, 621-688 (1978). 

6. Crotwell, H. P.& Owens, T. J. Automated receiver function processing. Seismol. Res. 
Lett. 76, 702-709 (2005); data available at (www.iris.washington.edu/ears). 

7. Blackwell, D. & Richards, M. Geothermal Map of North America, 2004 (scale 
1:6,500,000, AAPG Item 423, 2004); data available at(http://smu.edu/geothermal). 

8. Christensen, N. |. Poisson’s ratio and crustal seismology. J. Geophys. Res. 101, 
3139-3156 (1996). 

9. Kono, Y., Miyake, A., Ishikawa, M. & Arima, M. Temperature derivatives of elastic 
wave velocities in plagioclase (Ans;.1) above and below the order-disorder 
transition temperature. Am. Mineral. 93, 558-564 (2008). 

0. Roy, M., Jordan, T. H. & Pederson, J. Colorado Plateau magmatism and uplift by 
warming of heterogeneous lithosphere. Nature 459, 978-982 (2009). 

1. Crossey, L. J. et al. Degassing of mantle-derived CO2 and He from springs in the 
southern Colorado Plateau region: neotectonic connections and implications for 
groundwater systems. Geol. Soc. Am. Bull. 121, 1034-1053 (2009). 

2. Zhu, L. & Kanamori, H. Moho depth variation in Southern California from 
teleseismic receiver functions. J. Geophys. Res. 105, 2969-2980 (2000). 

3. Smith, R. B. & Braile, L. W. The Yellowstone hotspot. J. Volcano. Geotherm. Res. 61, 
121-187 (1994). 

4. Trehu, A. M. et al. Crustal architecture of the Cascadia fore-arc. Science 266, 
237-243 (1994). 

5. Godfrey, N. J. & Klemperer, S. L. Ophiolitic basement to a forearc basin and 
implications for continental growth: the Coast Range Great Valley ophiolite, 
California. Tectonics 17, 558-570 (1998). 


LETTER 


16. Kistler, R. W. & Ross, D. C. A strontium isotopic study of plutons and associated 
rocks of the southern Sierra Nevada and vicinity, California. Bull. US Geol. Surv. 
1920, 1-20 (1990). 

17. Fleck, R. J. & Criss, R. E. Location, age, and tectonic significance of the Western 

daho Suture Zone (WISZ). US Geol. Surv. Open File Rep. 2004-1039, 1-48 (2004). 

18. Kukkonen, I. T., Jokinen, J. & Seipold, U. Temperature and pressure dependencies 

of thermal transport properties of rocks: implications for uncertainties in thermal 

ithosphere models and new laboratory measurements of high-grade rocks in the 

central Fennoscandian Shield. Surv. Geophys. 20, 33-59 (1999). 

19. Moschetti, M. P., Ritzwoller, M.H., Lin, F.& Lang, Y. Seismic evidence for widespread 

western-US deep-crustal deformation caused by extension. Nature 464, 885-889 

(2010). 

20. Sass,J.H.eta/. Thermal regime of the southern Basin and Range Province 1. Heat- 

low data from Arizona and the Mojave Desert of California and Nevada. J. Geophys. 

Res. 99, 22093-22119 (1994). 

21. McKenzie, D. Some remarks on development of sedimentary basins. Earth Planet. 

Sci. Lett. 40, 25-32 (1978). 

22. Molnar, P., England, P. & Martinod, J. Mantle dynamics, uplift of the Tibetan 
Plateau, and the Indian monsoon. Rev. Geophys. 31, 357-396 (1993). 

23. Yardley, B. W. D. The role of water in the evolution of the continental crust. J. Geol. 
Soc. Lond. 166, 585-600 (2009). 

24. Pérez-Gussinyé, M. et al. Effective elastic thickness of Africa and its relationship to 
other proxies for lithospheric structure and surface tectonics. Earth Planet. Sci. Lett 
287, 152-167 (2009). 

25. Lowry, A.R., Ribe, N. M. & Smith, R. B. Dynamic elevation of the Cordillera, western 
United States. J. Geophys. Res. 105, 23371-23390 (2000). 

26. Zandt, G. et al. Active foundering of a continental arc root beneath the southern 
Sierra Nevada in California. Nature 431, 41-46 (2004). 

27. West, J. D., Fouch, M. J., Roth, J. B. & Elkins-Tanton, L. T. Vertical mantle flow 
associated with a lithospheric drip beneath the Great Basin. Nature Geosci. 2, 
439-444 (2009). 

28. Duval,J.S.,Carson, J.M., Holman, P. B. & Darnley, A. G. Terrestrial radioactivity and 
gamma-ray exposure in the United States and Canada. US Geol. Surv. Open File 
Rep. 2005-1413, (2005); available at (http://pubs.usgs.gov/of/2005/1413/ 
index.htm). 

29. Kucks, R. P. Terrestrial radioactivity and gamma-ray exposure in the United States 
and Canada: Gridded geographic images. US Geol. Surv. Open File Rep. 2005- 
1413, (2005); available at (http://pubs.usgs.gov/of/2005/1413/datafiles.htm). 


Supplementary Information is linked to the online version of the paper at 
www.nature.com/nature. 


Acknowledgements We thank K. Dueker, G. Pavlis, T. Ravat, J. Shervais and D. Schutt 
for discussions, and A. Braathen and R. Burgmann for comments. We are grateful to 
P. Crotwell, T. Owens and members of IRIS for their efforts on the EARS database, and to 
P. Crotwell and B. Kucks for help with data acquisition. The work of A.R.L. on this project 
was supported by National Science Foundation grants EAR-0454541 (EarthScope 
Science: Rio Grande Rift) and EAR-0955909 (Geophysics/EarthScope CAREER: 
Deformation Processes), and by a Utah State University New Faculty Research Grant. 


Author Contributions A.R.L. developed and implemented the joint receiver function/ 
gravity/heatflow inversion for crustal thickness and vp/Vs. M.P.-G. developed and 
implemented the inversion for effective elastic thickness. The manuscript was written 
by A.R.L with contributions from M.P.-G. 


Author Information Reprints and permissions information is available at 
www.nature.com/reprints. The authors declare no competing financial interests. 
Readers are welcome to comment on the online version of this article at 
www.nature.com/nature. Correspondence and requests for materials should be 
addressed to A.R.L. (Tony.Lowry@usu.edu). 


17 MARCH 2011 | VOL 471 | NATURE | 357 


©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


METHODS 


The joint seismic receiver function/gravity/heat flow inversion for estimating crustal 
thickness (H) and vp/vg (K) iteratively applies several data modelling and inversion 
procedures, summarized as a sequence of the following steps: (1) Calculate vario- 
grams of the H and K estimates. (2) Using observed Bouguer gravity data, linearly 
invert for optimal density parameters associated with the H and K fields plus a 
thermal boundary layer model derived from surface heat flow data. (3) Calculate a 
likelihood filter of the (H, K) parameter space at site S; using optimal interpolation 
(OD) with variograms estimated in step 1. (4) Calculate a second likelihood filter at 
site S; from localized gravity modelling using density parameters estimated in step 2. 
(5) Multiply the likelihood filters by the EARS® H-K stack at site S;, and set (H;, K;) to 
the filtered stack maximum. (6) Set i= i+ 1 and continue from step 1. 
Step 1: variogram estimation. We use raw EARS®° H-K parameter amplitude 
stacks as our receiver-function observable. Amplitude maxima from the raw stacks 
are assumed as the starting model of crustal thickness H and vp/vg ratio K. 
Measurement pairs are binned according to the distance between, and the vario- 
grams (that is, expected value of the squared difference as a function of distance 
between measurements) are estimated. Variograms of the initial (EARS*) and final 
models of H (Fig. 4b) and K (Fig. 3) are shown in Fig. 2b and c respectively. 
Optimal interpolation (OI, also referred to as ‘kriging’) uses the data variograms 
to interpolate data based on distance to, and estimates at, nearby measurements”. 
Step 2: estimation of density parameters. Modelling the gravity likelihood filter 
in step 4 requires an estimate of the three density parameters that relate H, K and 
thermal variations to gravity. Laboratory measurements and geophysical models 
of the Moho density contrast, Ap mono, the partial derivative of density with respect 
to vp/Vg ratio, 0p/0K, and the coefficient of thermal expansion, «,, depend on rock 
composition and other factors that vary spatially, so the in situ values are a priori 
unknown. Consequently we chose to estimate a representative regional average of 
these parameters directly from the relationship of the fields to observed gravity 
within the approximate current footprint of the EarthScope Transportable Array. 
We first calculate Bouguer gravity fields per unit density, B},, Bj; and By, by 
neglecting the density parameters Apyoho: 0p/0K and «,. We reference all esti- 
mates of crustal thickness H to a datum (that is, subtract the site elevations) and 
then optimally interpolate H and K to a 16-km mesh grid covering the region from 
32-49" N latitude, 102-125° E longitude. Means H and K are then removed, and 
the fields are mirrored and Fourier-transformed to frequency domain amplitudes 
H = F{H-H} and K = F{K-K}, where F{*} denotes the Fourier transform oper- 
ator. We calculate Fourier amplitudes of the Bouguer per unit Moho density 
contrast, Bip associated with the H field via: 


Bl, =2nGH exp(—kH) (1) 


where G is the universal gravitational constant and k is modulus of the two- 
dimensional wavenumber associated with each Fourier amplitude. The Bouguer 
per unit density amplitudes, Bj, associated with K are calculated via: 


= a i —Mexp(—ki) (2) 


Be =2nG 
in which M = F{(H-H)(K-K)} is a correction factor for variable crustal thickness. 
Because thermal variations contribute significantly to the total gravity used here 
to invert for crustal thickness and composition, a correction for estimated thermal 
mass is included in the model. The model of thermal gravity uses a geotherm 
inverted from data that include surface heat flow measurements’, q,, airborne 
y-ray spectroscopy measurements of surface radiogenic element concentra- 
tions’***°, and mean annual surface temperature data*'. Supplementary Fig. 1a 
depicts the OI of heat flow measurements’. These were extrapolated to depth using 
one-dimensional heat-transfer relations that assume steady-state advection by 
extensional strain”*, and a thermal conductivity, «, with temperature-dependent 
parameterization” that averages crustal and mantle rock types'®. We assume 
mantle potential temperature T, = 1,320 °C, and an adiabat is derived for pres- 
sure/temperature-dependent values of mantle coefficient of thermal expansion 
and specific heat capacity’. The airborne y-ray spectroscopy measurements*”” 
of U, Th and K radiogenic element concentrations (Supplementary Fig. 1c) are 
converted to surface heat production, Ao, (Supplementary Fig. 1d) via**: 


Ao = p(3.58 X 10 °Cy + 2.69 X 10 °Cy, + 9.71 X 10 °Cy) (3) 


in which Cx are concentrations in parts per billion. Weighted least squares regression of 
the relationship between q, and Ag within 500 km windows yields estimates ofa length- 
scale for an exponential depth decay, /,.4, that are physically reasonable (Supplemen- 
tary Fig. le); a posteriori (that is, misfit-scaled) parameter uncertainties of radiogenic 
length estimates are typically 10-30%. In the absence of better constraint, this 
approach adequately represents the spatial distribution of heat producing elements. 


After subtracting the portion arising from shallow heat production, heat flow is 
filtered** to remove effects of sources and sinks shallower than 30 km (Supplemen- 
tary Fig. 1b). This removes most (though not all) advective effects of near-surface 
hydrology and heat flow measurement noise associated with three-dimensional 
conductivity variations and topographic effects. Temperature is estimated as”: 


Aok. Ak 
T, + 24] 1— exp #4 T, — "4 _ 7, )erf : (4) 
Kk had Kk leon 


1 2[«(T, — Ts) —Aolea| 

en Vu(qs —Aolrad) 
and the minimum and maximum estimates of geotherms from the map region are 
shown in Supplementary Fig. 1c inset. (Note the actual relations used are compli- 
cated slightly, relative to equations (4) and (5), by the temperature-dependence of « 
and a solution for two relations, one each for the crust and mantle, with stipulation 
that temperature and heat flux for both are identical at the Moho). 

Supplementary Fig. 1f shows the surface temperature, T,, adapted from climate 

models of mean annual temperature*’. An advective contribution from exten- 
sional strain (needed to accommodate advective heat transfer) is implicit rather 
than explicit in these relations. Map-view thermal fields, T., are averaged over 
1-km depth ranges for z= 1, ..., 200 km, means are removed, and the data are 
mirrored and transformed as T, = F{T, —T_}. Then amplitudes of the thermal 
gravity field per unit density variation, B}., are calculated via: 


(5) 


200 
BY. =2,000nG ) > p,T. exp(—kz) (6) 


Here p, is an expected value for density at a given depth, based on the mean tem- 
perature and a continental mean compositional profile with depth’®. Note the mul- 
tiplication by factor-of-1,000 arises from the 1-km discretisation of the geotherm. 

We now have amplitudes for three different gravity fields, Bip Br and Bi, that 
are independent of density parameters. To estimate those density parameters, we 
inverse transform the amplitudes to the spatial domain, strip mirrored portions 
and then invert the highly over-determined system of linear equations: 

KOK 
for the unknown parameters Apyono Op/OK, %,, and a static offset s. Here, the 
arrow denotes a ~15,000 X 1 vector. 

Supplementary Fig. 2 depicts each of the individual components of the final 
regional model of the gravity field (Supplementary Fig. 2a-c), the observed- 
minus-modelled residual (Supplementary Fig. 2d; see also Fig. 4d), the observed 
gravity field (Supplementary Fig. 2e), and the total modelled gravity field summing 
contributions from the Moho, crustal density variations and thermal density var- 
iations (Supplementary Fig. 2f). It is worth noting that the mass fields derived from 
this gravity modelling can be used for geodynamical investigations of stress, strain 
and isostatic loading, and in fact estimation of these mass fields was the original 
objective of this investigation. Supplementary Fig. 3 depicts evolution of the r.m.s. 
gravity residual for the summed model, and for separate components of the model, 
over ~25,000 site updates (roughly 16 iterations over all seismic sites within the 
map space). Residual of the summed model drops from 55 mGal for the starting 
model, using raw EARS estimates of H and K, to 26 mGal for the final model. By 
comparison, the root-variance of observed gravity is 68 mGal. (Note that the devi- 
ation beginning around 15,000 site updates resulted after introduction of new H-K 
stacks from the IRIS database®. The iterative inversion results shown here required 
about six months of computation on a quad-core workstation, during which time 
the EarthScope Transportable Array continued to collect new earthquake data and 
add new sites). Taken separately, the raw EARS data contribute virtually no reduc- 
tion of variance to the starting model. Hence, the thermal model dominates total 
reduction of variance when the raw EARS estimates are used, that is, at iteration 0 in 
Supplementary Fig. 3. The temperature model does not change during the inver- 
sion run (although the thermal density parameter, «,, does), and contributions 
from the Moho and crustal density models overtake the thermal mass contribution 
by the end of the second iteration over all sites (with crustal density eventually 
dominating the overall reduction of gravity variance). 

The final density parameter estimates are 0.81 X 10° °C”! for the coefficient of 
thermal expansion «,, 115kgm~* for Apmoho and 460kgm~° for 0p/0K. These 
values differ slightly from expectations based on laboratory experiments and other 
geophysical studies. Laboratory data on pressure- and temperature-dependence of 
the thermal expansion coefficient for rocks within the thermal boundary layer 
predict values in the range (0.5-3.5) X 10 °°C |. The low estimate derived here is 
consistent with predictions for granite’’, but the upper mantle (where «, should be 
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(2.5-3.5) X 10°; ref. 38) dominates the thermal mass integral (Supplementary 
Fig. 1c inset). Recent studies suggest the effective thermal expansivity of a viscoe- 
lastic fluid mantle will be 15-30% less than laboratory mineral physics measure- 
ments of the volumetric coefficient of thermal expansion*”°, but the ~70% lower 
value estimated here is more likely to reflect a poor geotherm model. Surface heat 
flow measurements are sparse and notoriously noisy, and non-steady-state con- 
tributions to lithospheric heat transfer (for example, under the Sierra Nevada" and 
the Colorado plateau**) cannot be modelled accurately from surface data alone, so 
the thermal model used here is likely to represent mantle temperature variations 
poorly. One implication of this is that the true correlation coefficient of geothermal 
variations and crustal composition may be even higher than we have estimated. 
The density contrast for continental Moho inferred from normal mode seismic 
analysis is 480 kgm” ° (ref. 42), but laboratory measurements indicate it can range 
from about —200 to 600 kg m * and globally averages ~230 kg m’* (ref. 36). Our 
final crustal thickness estimates (Fig. 4b) match fairly well the independent esti- 
mates from more sparsely sampled crustal seismic refraction studies (for example, 
compiled in ref. 25) and from inversion of Rayleigh phase velocity data (D. Schutt, 
personal communication). The regression slope of the latter independent estimate 
with ours is 1.001 with a correlation coefficient of 0.72, so the density contrast 
estimate is unlikely to be significantly in error. Much of the thicker crust in western 
portions of the region of our inversion is underlain by dense cumulates and/or 
eclogites, for example, under the Sierra Nevada*®, Cascade Range and the Snake 
River plain”; other regions of thick crust (such as the Wyoming province“) exhibit 
anomalously high lower crustal velocity. These would imply a lower-than-average 
Moho density contrast. Laboratory measurements suggest the partial derivative of 
density with respect to vp/vg deriving from compositional variations should be 
around 1,500kgm° (Fig. 1a), although this will vary significantly depending on 
actual abundances of various compositions, and the direct effect of temperature on 
Vp/Vg effectively would lower the observational slope. 
Step 3: OI likelihood filter. OI yields both an expected value and an estimate of 
uncertainty, and we use it in this application both for interpolation of various 
measurement fields to arbitrary locations and for estimation of likelihood func- 
tions applied to H-K stacks. The OI likelihood filter at a seismic site S; chosen for 
update is estimated by interpolating H and K estimates from the 150 nearest sites 
to the location of site S;, The expected values (H, ! K°) and lo estimates of 
uncertainty (o;;, 7x) are used to determine OI confidence interval Co, at all stack 
amplitude realizations (H,, K,) present in the EARS stack via: 


H,—H\?  /K,—K®°'\? 
Ch(Hlnk,)= (SAL) + (SA) (8) 
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Then, assuming H and K are Gaussian processes, Co; will be 7-distributed and the 
likelihood corresponding to that confidence interval is given by**: 


1 
L 
1+ pF (MN =) 


(9) 


Here the degrees of freedom are those of the H-K stack: M, the number of model 
parameters, is 2 (being H and K); the number of observations N = 4” where n is the 
number of earthquakes used in the stack and 4 represents the number of seismic 
phases sampled (Ps, PpSs, PsPs and PpPs), F ' is the inverse of the F-cumulative 
distribution function, and « represents the probability: 
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An example OI likelihood filter L(H,K) at Nevada site TA.O09A is shown in 
Supplementary Fig. 4a. 
Step 4: gravity likelihood filter. A second likelihood filter is derived from gravity 
modelling within a relatively small window near the seismic site. For each possible 
permutation of (H,, K,) represented in the EARS amplitude stack, we temporarily 
set (H;, K;) at the update site S; equal to (H,, K,) and hold fixed the crustal thickness 
and vp/vs ratio at surrounding sites. We reference crustal thickness H to a datum 
(that is, subtract the site elevation) and then optimally interpolate H and K toa 
9-km mesh, 288-km aperture grid centred at site S;. The gravity modelling is 
analogous to that used to estimate density parameters in step 2, except that now 
we model Bouguer gravity (that is, using the estimated density parameters) rather 
than gravity per unit density. Means H and K are removed, the fields are mirrored 
and Fourier-transformed to frequency domain amplitudes H = F{H-H} and 
K = F{K-K}, and we calculate amplitudes of the Bouguer gravity fields By asso- 
ciated with the H field via: 

By =22GA p\onoH exp( —kH) (11) 


Bx associated with K via: 
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1— exp(—kH) - (12) 


: K—Mexp( Kf) 


. ap 
By =2nG aK 
and Br for the thermal model as: 


200 
Br =2,000nGu, ‘> p.T exp(—kz) 


z=1 


(13) 


We inverse transform gravity fields to the spatial domain, strip mirrored portions 
and calculate a modelled gravity field Byj.q by summing By, Bx and By. Example 
observed and modelled gravity for the TA.O09A site is shown in Supplementary Fig. 
5a and b, respectively. We then subtract the mean difference between modelled and 
observed gravity, and calculate the L,-norm of the residual difference (Sup- 
plementary Fig. 5c). The r.m.s. misfit, R, as a function of assumed (H,, K,) at the 
site (Supplementary Fig. 5d) can be used to derive confidence intervals on the gravity 
model via the likelihood ratio method”, in which the confidence region with prob- 
ability « of containing the correct solution corresponds to the model space for which 


(14) 


M 
R <P, [1+ F,'(M.N,-—M 

‘min Ng —M *% ( g ) 
where N, is the number of gravity observations and R,yin is the global minimum 
gravity residual. We map R’ to given probability « and then use « as a function of 
H-K to calculate a likelihood filter for the stack amplitude, using equation (9). This 
effectively transforms the misfit function from the gravity modelling to the degrees- 
of-freedom inherent to the receiver function stack. An example likelihood filter 
derived from gravity modelling at site TA.O09A is shown in Supplementary Fig. 4b. 
Step 5: updating the H-K estimate at a site. Both the OI and gravity likelihood 
filters (Supplementary Fig. 4c) are multiplied by the raw EARS receiver function 
amplitude stack (Fig. 2d). Then (H,, K,) corresponding to the amplitude max- 
imum of the filtered stack (Fig. 2e and Supplementary Fig. 4d) are adopted as the 
updated estimate of (Hj, K;) at site S;. These updates are performed iteratively over 
all sites within the map region. 

Likelihood filters for this analysis do not force estimates to match the variogram 
and gravity constraints, but instead guide the model away from receiver function H-K 
stack maxima that result from interference with structural complexities. Supplemen- 
tary Fig. 6 shows observed receiver functions (time-scaled to remove dependence of 
Ps arrival time on ray parameter) for the 53 events recorded at site TA.O09A. These, 
and their stack, are compared to a synthetic receiver function generated for the simple 
Earth model (H = 29.75; K = 1.76) derived by our method, demonstrating that 
results reported here are consistent with the raw receiver function data. 
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Amygdala circuitry mediating reversible and 
bidirectional control of anxiety 
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Anxiety—a sustained state of heightened apprehension in the 
absence of immediate threat—becomes severely debilitating in 
disease states’. Anxiety disorders represent the most common of 
psychiatric diseases (28% lifetime prevalence)? and contribute to 
the aetiology of major depression and substance abuse**. Although 
it has been proposed that the amygdala, a brain region important 
for emotional processing’ *, has a role in anxiety””’, the neural 
mechanisms that control anxiety remain unclear. Here we explore 
the neural circuits underlying anxiety-related behaviours by using 
optogenetics with two-photon microscopy, anxiety assays in freely 
moving mice, and electrophysiology. With the capability of opto- 
genetics'*’* to control not only cell types but also specific connec- 
tions between cells, we observed that temporally precise optogenetic 
stimulation of basolateral amygdala (BLA) terminals in the central 
nucleus of the amygdala (CeA)—achieved by viral transduction of 
the BLA with a codon-optimized channelrhodopsin followed by 
restricted illumination in the downstream CeA—exerted an acute, 
reversible anxiolytic effect. Conversely, selective optogenetic inhibi- 
tion of the same projection with a third-generation halorhodopsin”* 
(eNpHR3.0) increased anxiety-related behaviours. Importantly, 
these effects were not observed with direct optogenetic control of 
BLA somata, possibly owing to recruitment of antagonistic down- 
stream structures. Together, these results implicate specific BLA- 
CeA projections as critical circuit elements for acute anxiety control 
in the mammalian brain, and demonstrate the importance of opto- 
genetically targeting defined projections, beyond simply targeting 
cell types, in the study of circuit function relevant to neuropsychia- 
tric disease. 

Despite the high prevalence’” of anxiety disorders, the underlying 
neural circuitry is incompletely understood. Available treatments are 
inconsistently effective or, in the case of benzodiazepines, addictive 
and linked to significant side effects including cognitive impairment 
and respiratory suppression’, pointing to the need for a deeper under- 
standing of anxiety control mechanisms in the mammalian brain. 

Although amygdala microcircuitry for conditioned fear has been 
optogenetically dissected'*”, the causal underpinnings of unconditioned 
anxiety’’ have not yet been investigated with cellular precision. Pointing 
to the need for precise optogenetic exploration, the amygdala is com- 
posed of functionally and morphologically heterogeneous subnuclei 
with complex interconnectivity. The BLA is primarily glutamatergic 
(~90%)°°?! whereas the CeA, which encompasses the centrolateral 
(CeL) and centromedial (CeM) nuclei, consists of ~95% GABAergic 
medium spiny neurons”. The primary output region of the amygdala 
is the CEM”, which (when chemically or electrically excited) mediates 
autonomic and behavioural responses associated with fear and anxiety 
via projections to the brainstem”. Because patients with generalized 
anxiety disorder may have abnormal activity arising from the BLA and 
CeM", and as BLA neurons excite GABAergic CeL neurons’® that 
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provide feed-forward inhibition onto CeM ‘output’ neurons*”’, we con- 
sidered that the BLA-CeL-CeM circuitry could be causally involved in 
anxiety. However, BLA pyramidal neurons as a whole could have varied 
and antagonistic roles in diverse projections throughout the brain, with 
targets including the bed nucleus of the stria terminalis (BNST), nucleus 
accumbens, hippocampus and cortex”. 

We therefore developed a method to selectively control BLA terminals 
in the CeA (Supplementary Methods). BLA glutamatergic projection 
neurons were transduced with an adeno-associated virus serotype 5 
(AAV5) carrying codon-optimized channelrhodopsin (ChR2)-eYFP 
under control of the CaMKIIa promoter followed by unilateral 
implantation of a bevelled guide cannula to allow preferential illumina- 
tion of the non-transduced CeL (Supplementary Figs 1, 2). In vivo elec- 
trophysiological recordings were used to determine illumination 
parameters for selective control of those BLA terminals in the CeA 
without nonspecific control of all BLA somata (Supplementary Fig. 3). 

To investigate the functional role of the BLA-CeA pathway in anxiety, 
we probed freely moving mice under projection-specific optogenetic 
control in two well-validated”’ anxiety assays: the elevated-plus maze 
(EPM) and the open-field test (OFT) (Fig. la-e). Mice display anxiety- 
related behaviours in open spaces; therefore, increased time spent in the 
open arms of the EPM or in the centre of the OFT is interpreted as 
reduced anxiety”. To test whether anxiety-related behaviours could be 
related to activation of the BLA-CeA projection, and not all BLA somata 
as a whole, we compared mice receiving projection-specific photostimu- 
lation (ChR2:BLA-CeA; Fig. 1a) to a group with identical illumination 
parameters transduced with a control virus (eYFP:BLA-CeA), and to 
another control group expressing ChR2 in the BLA receiving direct 
illumination of the BLA (ChR2:BLA(somata)). Photostimulation of 
BLA terminals in the CeA (ChR2:BLA-CeA) increased open-arm time 
(F\,42 = 69.09, P< 0.00001; Fig. 1b, c) and the probability of open-arm 
entry from the maze centre (F)42 = 24.69, P< 0.00001; Fig. 1c, inset, 
and Supplementary Movie) on the EPM, as well as increasing centre time 
in the OFT (F,105 = 24.46, P< 0.00001; Fig. 1d, e), reflecting anxiety 
reduction without impaired locomotion (Supplementary Fig. 4). In con- 
trast, the ChR2:BLA(somata) group showed reduced open-arm time 
(F\,42 = 6.20, P = 0.02; Fig. 1b, c) and probability of open-arm entry 
(F\,42 = 5.15, P = 0.03) during photostimulation relative to eYFP:BLA- 
CeA controls, reflecting a distinct anxiogenic effect. Thus, selective 
illumination of BLA projections to the CeA, but not of BLA somata 
nonspecifically, produced an acute, rapidly reversible anxiolytic effect. 

Next we investigated the physiological basis of this light-induced 
anxiolysis. We considered that preferential photostimulation of BLA 
terminals in the CeL could activate CeL neurons and exert feed- 
forward inhibition onto brainstem-projecting CeM output neurons’® 
to implement anxiolysis. To test this, we undertook in vivo experi- 
ments, with light-delivery protocols matched to those delivered in the 
behavioural experiments, using activity-dependent immediate early 
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Figure 1 | Projection-specific excitation of BLA terminals in the CeA 
induces acute reversible anxiolysis. a, Mice were housed in a high-stress 
environment before behavioural manipulations, and received 5-ms light pulses 
at 20 Hz for all light-on conditions. b, c, ChR2:BLA-CeA mice (n = 8) received 
selective illumination of BLA terminals in the CeA during the light-on epoch on 
the EPM; see ChR2:BLA-CeA representative path (b), which induced an 
increase in open-arm time on photostimulation relative to eYFP:BLA-CeA 
(mn = 9) and ChR2:BLA(somata) (m = 7) controls (c), and an increase in the 
probability of open-arm entry (see inset). d, e, ChR2:BLA-CeA mice also 
showed increased centre time on the OFT, as seen in a representative path 
(d), during light-on epochs relative to light-off epochs and eYFP:BLA-CeA and 
ChR2:BLA(somata) controls (e). 


gene (c-fos) expression to track neuronal activation. We quantified the 
proportion of neurons in the BLA, CeL and CeM (Supplementary Fig. 
5) within each group that expressed eYFP or showed c-fos immuno- 
reactivity. Opsin expression was specific to BLA glutamatergic neurons, 
and was not observed in intercalated cells (Supplementary Fig. 6). No 
group differences were detected in the proportion of eYFP-positive cells 
within each region (Supplementary Fig. 5). We found a significantly 
higher proportion of c-fos-positive BLA cells in the ChR2:BLA(somata) 
group (F,9= 10.12, P<0.01), relative to the ChR2:BLA-CeA or 
eYFP:BLA-CeA groups (P< 0.01 and P< 0.05, respectively), but no 
detectable difference between the ChR2:BLA-CeA and eYFP:BLA- 
CeA groups, indicating that the bevelled cannula shielding effectively 
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prevented BLA somata photostimulation. A higher proportion of CeL neu- 
rons expressed c-fos in the ChR2:BLA-CeA group relative to the eYFP:BLA- 
CeA group (Fr = 4.54, P= 0.04), but not the ChR2:BLA(somata) 
group (Supplementary Fig. 5). Thus, the in vivo illumination of BLA- 
CeA projections that triggered acute anxiolysis was found to excite CeL 
neurons without activating BLA somata. 

To test the hypothesis that preferential illumination of BLA-CeL 
terminals induced feed-forward inhibition of CeM output neurons, we 
combined whole-cell patch-clamp electrophysiology with two-photon 
imaging to visualize the microcircuit while simultaneously probing the 
functional relationships among these cells during projection-specific 
optogenetic control (Fig. 2a-f). BLA neurons showed high-fidelity 
spiking to direct illumination (Fig. 2b). Illumination of BLA terminals 
in CeL elicited excitatory responses with stable spiking fidelity, and 
responding cells included both weakly and strongly excited CeL cells 
(n = 16; Fig. 2c). 

To test whether illumination of BLA—CeL synapses could block CeM 
spiking via feed-forward inhibition from CeL neurons, we recorded 
from CeM neurons while selectively illuminating BLA—CeL synapses 
(Fig. 2d). Indeed, we observed potent spiking inhibition in CeM cells on 
illumination of BLA—CeL terminals (Fig. 2d; F,1, = 15.35, P = 0.004). 
Figure 2e shows CeM responses recorded during illumination of ChR2- 
expressing BLA neurons in the CeM; importantly, the very same CeM 
neurons (n = 7) showed net excitation with broad illumination of BLA 
inputs to the CeM (Fig. 2e), but showed net inhibition on selective 
illumination of BLA inputs to the CeL (Fig. 2f). These data from a 
structurally and functionally identified microcircuit* illustrate that 
the balance of direct and indirect inputs from the BLA to the CeM 
can modulate CeM activity. We then directly tested whether over- 
lapping or distinct populations of BLA neurons projected to the CeL 
and CeM in the mouse (Supplementary Fig. 7) by two-photon imaging 
in 350-um-thick coronal slices. Of the BLA neurons sampled (n = 18; 
Supplementary Fig. 7), 44% projected to the CeL alone and 17% pro- 
jected to the CeM alone, with only one cell observed to project to both 
the CeL and the CeM. 

Because in vivo c-fos assays had indicated that illumination of BLA 
terminals in the CeL sufficed to drive excitation of postsynaptic CeL 
neurons but not to recruit efficiently BLA neurons as a whole, we next 
investigated the properties of optogenetically driven terminal stimu- 
lation in this microcircuit using whole-cell recordings. We first 
recorded from BLA pyramidal neurons expressing ChR2 and moved 
a restricted light spot (~125 jtm in diameter) in 100-y1m steps from the 
cell soma, both in a direction over the visually identified axon and ina 
direction where there was no axon collateral, illustrating the spatial 
properties of light scattering in this circuit (Fig. 3a, b); spiking fidelity 
in the BLA neuron and evoked inward currents are summarized 
(Fig. 3a). Next, we found that typical photostimulation parameters 
drove reliable transmission when delivered to BLA-CeA synapses 
(assayed with recordings from postsynaptic CeL neurons; Fig. 3b and 
Supplementary Fig. 8); in contrast, when recording from the BLA 
somata instead, ~300 [um from the light spot, we did not observe reliable 
antidromically driven action potential firing (only ~5% reliability) 
despite use of the very same BLA-CeA synapse illumination condi- 
tions that elicited 100% reliable transmitter release from the illumi- 
nated terminals and the same cells known to spike robustly in response 
to somatic illumination (Fig. 3b). These results were consistent with the 
c-fos immunoreactivity and behavioural data (Fig. 1) and held even on 
bath application of GABA and glutamate receptor antagonists (n = 7) 
to eliminate local circuitry effects. The marked difference between 
effective synaptic transmission and antidromic spiking fidelity 
(P = 0.0039; Fig. 3b, inset) reveals that optogenetically driven vesicle 
release can occur in the absence of reliable antidromic drive, a poten- 
tially useful property that may relate to projection parameters such as 
axon calibre and myelination status (optogenetic stimuli will recruit 
thinner axons more efficiently than electrical stimuli), as well as experi- 
mental light intensity and spatial restriction properties. 
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To confirm further that the anxiolytic effect was due to the selective 
activation of BLA-CeL projections alone, and not BLA axons passing 
through the CeA or back-propagation of action potentials to BLA cell 
bodies that would then innervate all BLA projection target regions, we 
tested whether local glutamate receptor antagonism would attenuate 
light-induced anxiolytic effects. This distinction is critical, as there 
have been previous reports that CeA lesions that alter anxiety are 
confounded by the ablation of BLA projections to the BNST passing 
through the CeA”’. In a separate group of mice, we selectively illumi- 
nated BLA—CeA terminals as before (n = 8; Supplementary Fig. 1), but 
infused glutamate antagonists or saline via the fibre-optic guide cannula 
before testing on the EPM and OFT. Confirming a local synaptic mech- 
anism rather than control of fibres of passage, intra-CeA glutamate 
receptor antagonism abolished light-induced reductions in anxiety as 
measured by open-arm time (F;,35 = 8.61, P = 0.008) and probability of 
open-arm entry on the EPM (F;35 = 5.92, P = 0.02), and centre time 
during the OFT (F\,77 = 13.99, P = 0.0006; Fig. 3c, d). Importantly, 
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Figure 2 | Projection-specific excitation of BLA terminals in the CeA 
activates CeL neurons and elicits feed-forward inhibition of CeM neurons. 
a, Two-photon images of representative BLA, CeL and CeM cells imaged from 
the same slice, overlaid on a brightfield image. b-f, Schematics of the recording 
and illumination sites for the associated representative current-clamp traces 
(membrane potential V,, = ~ —70 mV). b, Representative BLA pyramidal 
neuron trace expressing ChR2, all of which spiked for every pulse (n = 4). 

c, Representative trace from a CeL neuron in the terminal field of BLA projection 
neurons, showing both sub- and suprathreshold excitatory responses on 
photostimulation (n = 16). Inset left, population summary of mean probability 
of spiking for each pulse in a 40-pulse train at 20 Hz, dotted lines indicate s.e.m. 
Inset right, frequency histogram showing individual cell spiking fidelity; y-axis is 
the number of cells per each 5% bin. d, Six sweeps from a CeM neuron spiking in 
response to a current step (~60 pA; indicated in black) and inhibition of spiking 
on 20 Hz illumination of BLA terminals in the CeL. Inset, spike frequency was 
significantly reduced during light stimulation of CeL neurons (n = 4; spikes per 
second before (49 + 9.0), during (1.5 + 0.87) and after (33 + 8.4) illumination; 
mean + s.e.m.). e, f, On broad illumination of the CeM, voltage-clamp 
summaries show that the latency of excitatory postsynaptic currents (EPSCs) is 
significantly shorter than the latency of inhibitory postsynaptic currents (IPSCs), 
whereas there was a non-significant difference in the amplitude of EPSCs and 
IPSCs (n = 11; *P = 0.04, see insets). The same CeM neurons (n = 7) showed 
either net excitation when receiving illumination of the CeM (e) or net inhibition 
on selective illumination of the Cel (f). 


drug treatment did not impair locomotor activity (Supplemen- 
tary Fig. 9), and in acute slices time-locked light-evoked excitatory 
responses were abolished on bath application of 2,3-dihydroxy-6- 
nitro-7-sulfamoyl-benzo[f]quinoxaline-2,3-dione (NBQX) and (2R)- 
amino-5-phosphonovaleric acid; (2R)-amino-5-phosphonopentanoate 
(AP5) (Supplementary Fig. 10). These data demonstrate that the light- 
induced anxiolytic effects were caused by the activation of BLA-CeA 
synapses, and not attributable to BLA projections to distal targets pas- 
sing through the CeA. 

Finally, to test whether basal anxiety-reducing processes could be 
blocked by selectively inhibiting the BLA—CeA pathway, we bilaterally 
transduced either eNpHR3.0—which hyperpolarizes neuronal mem- 
branes on illumination with amber light'’—or eYFP alone, under the 
CaMKIle promoter in the BLA, and implanted bilateral bevelled guide 
cannulae to allow selective illumination of BLA terminals in the CeA 
(Supplementary Fig. 11). eNpHR3.0 expression was restricted to gluta- 
matergic neurons in the BLA, and the eNpHR3.0:BLA-CeA group 
showed raised levels of c-fos expression relative to the eYFP:BLA- 
CeA and eNpHR3.0:BLA(somata) groups in the CeM (P < 0.05; Sup- 
plementary Fig. 12), consistent with the hypothesis that inhibition of 
BLA-CeL synapses suppresses feed-forward inhibition from CeL neu- 
rons to CeM neurons, thereby increasing CeM excitability and the down- 
stream processes leading to increased anxiety phenotypes. Selective 
illumination of eNpHR3.0-expressing axon terminals reduced the 
probability of both spontaneously occurring (frequency: F,,5 = 32.99, 
P= 0.00024; amplitude: F),g = 21.96, P = 0.001; Supplementary Fig. 13) 
and electrically evoked (F, 19 = 10.79, P = 0.006; Fig. 4a) vesicle release, 
without preventing spiking at the soma (Supplementary Fig. 14). BLA 
somata inhibition did not induce an anxiogenic response, perhaps 
owing to the simultaneous decrease in direct BLA-CeM excitatory 
input. We also found that the eNpHR3.0:BLA-CeA group showed 
reduced open-arm time and probability of open-arm entry on the 
EPM (Fy) = 21.08, P<0.00001; and F,49 = 19.93, P<0.00001, 
respectively; Fig. 4b, c) and centre time in the OFT (Fj 109 = 18.919, 
P< 0.00001; Fig. 4d, e) during photostimulation when compared to the 
eYFP and BLA(somata) groups, without altering locomotor activity 
(Supplementary Fig. 15). These data demonstrate that preferential 
inhibition of BLA-CeL synapses acutely increases anxiety-like 
behaviours. 

Here, we have identified the BLA—CeL pathway as a neural substrate 
for real-time bidirectional modulation of the unconditioned expression 
of anxiety. The observation that selective illumination of specific BLA 
terminals produces distinct, and even opposite, behavioural responses 
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Figure 3 | Light-induced anxiolytic effects are attributable to activation of 
BLA-CeA synapses. a, b, Schematic of the recording site and illumination 
positions as whole-cell recordings were performed at each illumination location 
in 100-j1m increments away from the cell soma both over a visualized axon and 
in a direction that was not over an axon (inset). Normalized summary of spike 
fidelity and depolarizing current (a) to a 20-Hz train delivered at various 
distances from the soma. b, Representative traces on ~125-\1m-diameter 
illumination at various locations within each slice (n = 7). Iumination of BLA 
somata elicits high-fidelity spiking (top). Illumination of BLA terminals in CeL 
elicits strong excitatory responses shown in voltage-clamp in the postsynaptic 
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CeL neuron (middle), but does not elicit reliable antidromic spiking in the BLA 
neuron itself (bottom), summarized in a frequency histogram (inset, 120 pulses 
per cell). c, d, A separate group of ChR2:BLA-CeA mice (n = 8) performed the 
EPM and OFT twice, one session preceded with intra-CeA infusions of saline 
(red) and the other session with glutamate receptor antagonists NBQX and AP5 
(purple), counter-balanced for order. Glutamate receptor blockade in the CeA 
attenuated light-induced increases in both open-arm time (c) and probability of 
open-arm entry (inset) on the EPM and centre time on the OFT (d, inset shows 
pooled summary), without altering baseline performance. 
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Figure 4 | Selective inhibition of BLA terminals in the CeA induces an acute 
and reversible increase in anxiety. a-e, Mice were group-housed in a low- 
stress environment and received bilateral constant 594-nm light during light- 
on epochs. a, Selective illumination of eNpHR3.0-expressing BLA terminals 
suppresses vesicle release evoked by electrical stimulation in the BLA. 
Schematic indicates the locations of the stimulating electrode, the recording 
electrode and the ~125-uum diameter light spot. Representative CeL EPSCs 
before (Off,), during (On) and after (Off) selective illumination of eNpHR3.0- 
expressing BLA terminals. Normalized EPSC amplitude summary data from 
sections containing BLA neurons expressing eNpHR3.0 (n = 7) and non- 
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transduced controls (n = 5) show that selectively illuminating BLA-CeL 
terminals reduces (*P = 0.006) electrically evoked EPSC amplitude in 
postsynaptic CeL neurons relative to non-transduced control slice preparations 
(inset). b, c, Representative eNPHR3.0:BLA-CeA path (b) indicates reduced 
open-arm time (c) and probability of open arm entry (inset) during 
illumination, relative to controls. bil., bilateral. d, e, Representative 
eNpHR3.0:BLA-CeA path (d) reflects reduced centre time on the OFT (e) for 
the eNpHR3.0:BLA-CeA group during light-on, but not light-off, epochs as 
compared to controls (inset shows pooled data). 
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from illumination of all glutamatergic BLA somata nonspecifically, 
points to the essential value of optogenetic control in causally dissecting 
intact neural circuitry, and indicates that multiple subpopulations or 
projections of BLA neurons can act in opposition (for example, direct 
excitation of CeM along with feed-forward inhibition of CeM). Neural 
circuitry arranged in this way provides many opportunities for modu- 
lation of expression of anxiety phenotypes; for example, this micro- 
circuit is well-positioned to be influenced by top-down cortical 
control from regions important for processing fear and anxiety, includ- 
ing the prelimbic, infralimbic, anterior cingulate and insular cortices 
that provide robust innervation to the BLA and CeL. 

These data are consistent with reports implicating CeA involvement 
in anxiety”’””’, but it is important to note that our findings do not 
exclude downstream or parallel circuits including the BNST”., the insular 
and prefrontal cortices”, and the septal-hippocampal circuit”; for 
example, stress induces CeL release of corticotropin releasing hormone 
(CRH) in the BNST**. In the course of providing insight into native 
anxiogenic and anxiolytic processes, these findings demonstrate that 
anxiety is continuously regulated by balanced antagonistic pathways 
within the amygdala, and illustrate the importance of resolving specific 
projections in the study of neural circuit function relevant to psychiatric 
disease. 


METHODS SUMMARY 

Virus-mediated opsin gene expression. The pAAV-CaMKIIo-hChR2(H134R)- 
eYFP, pAAV-CaMKIIa-eYFP and pAAV-CaMKIIa-eNpHR3.0-eYFP plasmids 
were designed and constructed by standard methods and packaged as AAVs. 
Virus (0.5 ttl) was injected into the BLA. Maps and clones are available at http:// 
www.optogenetics.org. 

In vivo projection-specific targeting. To investigate the role of the BLA-CeL 
pathway in modulating anxiety, we performed viral transduction and surgical 
implantation of bevelled guide cannulae to allow selective illumination of BLA 
fibres in the CeA under stereotaxic guidance. Behavioural, electrophysiological 
and imaging data were collected 4-6 weeks after surgery. 

Two-photon imaging and functional mapping using ex vivo electrophysiology. 
Acute slices were collected for two-photon imaging and ex vivo electrophysiological 
recordings. While light-stimulation parameters used in vivo were delivered via fibre 
optics, and light in ex vivo experiments was delivered onto coronal sections, we 
matched light power density at our target region ~6mWmm ~. Whole-cell 
recordings were made from BLA pyramidal neurons simultaneously during two- 
photon visualization of neuronal processes with Alexa Fluor dye. We visually 
tracked axonal projections from BLA neurons to the CeL nucleus. We recorded 
from CeL neurons on illumination with an aperture-restricted light spot (~125 um 
diameter), mimicking the preferential illumination of BLA terminals, but not BLA 
somata, delivered in vivo. Two-photon imaging allowed axonal tracking to the CeM, 
where whole-cell recordings were collected from CeM neurons in the terminal field 
of CeL axons, with aperture-restricted illumination over the CeL to allow selective 
illumination of BLA terminals in the CeL while recording from the CeM neuron. 
Opsin expression validation and immunohistochemistry. To validate specifi- 
city, sensitivity and spatial distribution of opsin expression as well as neuronal 
activity, brain slices were prepared for optical microscopy and immunohistochem- 
istry. Coronal sections were stained for 4',6-diamidino-2-phenylindole (DAPI) 
and immunoreactivity for c-fos. Quantitative analyses of confocal images were 
performed with both staining and analysis blind to experimental condition. 
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Catalytic activity of the caspase-8-FLIP;, complex 
inhibits RIPK3-dependent necrosis 


Andrew Oberst', Christopher P. Dillon', Ricardo Weinlich', Laura L. McCormick’, Patrick Fitzgerald’, Cristina Pop’, Razq Hakem?, 


Guy S. Salvesen? & Douglas R. Green! 


Caspase-8 has two opposing biological functions—it promotes cell 
death by triggering the extrinsic pathway of apoptosis, but also has 
a survival activity, as it is required for embryonic development’, 
T-lymphocyte activation’, and resistance to necrosis induced by 
tumour necrosis factor-a (TNF-a) and related family ligands**. 
Here we show that development of caspase-8-deficient mice is com- 
pletely rescued by ablation of receptor interacting protein kinase-3 
(RIPK3). Adult animals lacking both caspase-8 and RIPK3 display 
a progressive lymphoaccumulative disease resembling that seen 
with defects in CD95 or CD95-ligand (also known as FAS and 
FASLG, respectively), and resist the lethal effects of CD95 ligation 
in vivo. We have found that caspase-8 prevents RIPK3-dependent 
necrosis without inducing apoptosis by functioning in a proteo- 
lytically active complex with FLICE-like inhibitory protein long 
(FLIP,, also known as CFLAR), and this complex is required for 
the protective function. 

The death receptor pathway of apoptosis is induced by ligation of a 
subset of tumour necrosis factor (TNF) receptor super-family members 
(the death receptors)°. This pathway involves the recruitment of an 
adaptor molecule, FADD, to the intracellular region of the receptor; 
FADD in turn binds and thereby activates caspase-8 to initiate apop- 
tosis. Cell death in this pathway is antagonized by another protein, 
FLIP, (herein called FLIP), which resembles caspase-8 but lacks a cata- 
lytic site’. 

Intriguingly, genetic ablation of caspase-8 (ref. 1), FADD® or FLIP’ 
results in embryonic lethality around embryonic day E10.5, showing 
that these proteins function in cell survival as well as cell death. This is 
supported by the finding that caspase-8 deficiency by short interfering 
RNA (siRNA) knockdown or gene ablation sensitizes fibroblasts for 
necrotic cell death in response to TNF’ (Supplementary Fig. 1a). 
Necrosis induced by TNF in the presence of caspase inhibitors is 
dependent on the kinase activity of receptor-interacting protein 
kinase-1 (RIPK1)** and RIPK3 (refs 9-11), although the mechanisms 
remain obscure. 

To determine if RIPK3-dependent necrosis contributes to the 
embryonic lethality of caspase-8-deficient mice, we generated 
Casp8"'~ Ripk3~'~ double knockout (DKO) animals. Although, as 
anticipated, we were unable to obtain viable Casp8 '~ Ripk3" mice, 
Casp8 ‘~ Ripk3~'~ DKO mice were born at the expected frequency 
(Fig. 1a). These animals displayed no gross developmental abnormalities 
(Supplementary Fig. 1b), and their mass at different ages was indistin- 
guishable from that of heterozygous mice (Supplementary Fig. 1c), as 
described for the Ripk3'~ mouse”, despite lacking detectable caspase-8 
or RIPK3 (Supplementary Fig. 1d). Thymocytes from these animals 
underwent apoptosis in response to several agents known to induce 
the mitochondrial pathway of apoptosis, but were resistant to apoptosis 
induced by ligation of the death receptor CD95 (Supplementary Fig. le). 
We examined the latter effect in more detail, as injection of agonistic 
anti-CD95 antibody is known to trigger hepatocyte apoptosis, liver 
damage, and death in wild-type mice’’. Whereas anti-CD95 caused liver 


destruction and mortality in heterozygous Casp8*'~ Ripk3~'~ animals, 
Casp8 '~ Ripk3~'~ mice were completely resistant to this insult (Fig. 1b 
and Supplementary Fig. 1f-h). 

In young Casp8’Ripk3-'" DKO mice, lymphoid organs 
appeared overtly normal (Supplementary Fig. 2a), T-lymphocyte pro- 
liferation in response to activation was identical to that of heterozygote 
littermates (Supplementary Fig. 2b), and T cells from these animals 
displayed expansion and subsequent peripheral deletion in vivo when 
challenged with the bacterial superantigen Staphylococcus enterotoxin 
B (SEB) (Supplementary Fig. 2c). However, we noted that older DKO 
mice displayed a striking lymphoaccumulation (Fig. 2a), resembling 
that described in animals lacking functional CD95 or CD95-ligand™. 
The latter are known to accumulate an unusual population of 
B220*, CD3*, CD4_, CD8 _T lymphocytes, also seen in humans 
with defective CD95 or CD95-ligand’*. Whereas young (1 month) 
Casp8 ‘~ Ripk3-'~ DKO mice showed normal mature T lymphocyte 
subsets, we observed a marked increase in B220*, CD3* cells as the 
animals aged (Fig. 2b, Supplementary Fig. 2d). 

The ability of RIPK3 ablation to rescue the lethal phenotype of 
caspase-8 deletion strongly indicates that caspase-8-mediated inhibi- 
tion of RIPK3-dependent necrosis is necessary for embryonic develop- 
ment, and that this is the primary protective role of caspase-8 in 
development. This raises the question of how caspase-8 can mediate 
this effect without itself engaging apoptotic cell death in the cells in 
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Figure 1 | Casp8~'~ Ripk3"'~ mice are viable and functionally deficient for 
caspase-8. a, Expected and observed frequency of caspase-8 status in offspring 
from crosses of mice with the indicated genotypes. ‘fl indicates an allele of 
caspase-8 that is present but flanked with LoxP sites. (P < 0.0001 left, 

P= 0.6733 right). b, Effect of tail vein injection of 15 j1g per animal of the 
CD95-activating antibody Jo2 on mice of the indicated genotypes. (n = 6 
Casp8‘'~ Ripk3 ‘~, 8 DKO). 
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California 92037, USA. 2Ontario Cancer Institute, University of Toronto, Toronto, Ontario M5G 2M9, Canada. 


17 MARCH 2011 | VOL 471 | NATURE | 363 


©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


a Casp8*-Ripk3- 


Casp8~-Ripk3~ 


s 
a 
ro) 
j 


—®— Casp8*-Ripk3- 
—B— CaspsRipk3- 


wo 
oO 
1 


Percentage CD3*B220* 
os. 


jo} 
1 


7 8 9 10 11 12 13 
Age (weeks) 


Figure 2 | Casp8'~ Ripk3~'~ mice display progressive severe 
lymphoaccumulation. a, Lymphoid organs removed from 15-week-old 
littermate mice of the indicated genotypes. LN, lymph node. Scale bar, 1 cm. 
b, Percentage of total blood cells (following red blood cell lysis) that are 
B220*CD3"* in mice of the indicated genotypes and ages. Error bars, s.d.;1n = 3 
each genotype. Both a and b are representative of similar results obtained from 
all sampled mice of the indicated genotypes. 


which it manifests this protective function. A clue is provided by the 
observation that a mutant of caspase-8, lacking the cleavage site 
between the large and small subunits of the mature enzyme, rescued 
survival of caspase-8-deficient animals when expressed as a bacterial 
artificial chromosome (BAC)-transgene’*. Such ‘non-cleavable’ 
caspase-8 has been shown to be unable to restore death-receptor- 
induced apoptosis in caspase-8-deficient cells'*'’. Biochemical and 
structural studies have indicated that FLIP can heterodimerize with 
caspase-8 in kosmotropic salt, and that this complex may be able to 
impart catalytic activity on caspase-8 in the absence of interdomain 
cleavage’*"”. We sought to test this directly by examining enzymatic 
activity of non-cleavable caspase-8°“ when dimerized with FLIP in 
vitro. We generated caspase-8 or non-cleavable caspase-8", as well as 
FLIP, in which the prodomains were replaced by FKBP or FRB 
domains, respectively, allowing enforced homo- or heterodimerization 
upon addition of specific FK506 derivatives”. Although homodimerized 
FKBP-caspase-8"* was catalytically inactive under physiological buffer 
conditions (Supplementary Fig. 3a)'*, heterodimerization of this non- 
cleavable caspase-8 with FRB-FLIP was enzymatically active (Fig. 3a). 
Thus, FLIP can impart catalytic activity to non-cleavable caspase-8. 
Because ablation of FLIP leads to developmental defects similar to 
those observed upon caspase-8 ablation’, and because expression of 
non-cleavable caspase-8” allows normal development, we proposed 
that FLIP may activate caspase-8 to allow suppression of RIPK3- 
dependent death. To investigate this possibility, we generated mouse 
embryonic fibroblasts (MEF) from Casp8‘~ Ripk3-'~ DKO embryos 
and reconstituted them with caspase-8, non-cleavable caspase-8°“ or 
catalytically inactive caspase-8““, plus or minus RIPK3 (Fig. 3b). We 
then knocked down FLIP expression by siRNA (Supplementary Fig. 3b). 
Cells lacking RIPK3 underwent cell death upon treatment with TNF 
only if they expressed wild-type caspase-8, and only if FLIP was lacking 
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Figure 3 | Both catalytically active caspase-8 and FLIP are required for 
suppression of TNF-induced RIPK3-dependent death. a, Fluorogenic 
substrate cleavage activity of recombinant purified FKBP-caspase-8” or non- 
cleavable FKBP-caspase-8“ in the presence of recombinant purified FRB- 
FLIP, a compound that induces FKBP-FRB heterodimers (heterodimerizer), or 
FRB-FLIP and heterodimerizer. ND, none detected. Error bars, s.d.; n = 3. 

b, Western blot analysis of Casp8 ‘~ Ripk3 ‘~ (DKO) MEF stably expressing 
the indicated mutants of caspase-8 and RIPK3. Caspase-8“* indicates 
catalytically inactive caspase-8. c, d, Cell death assessed by propidium iodide 
(PI) uptake of DKO MEF expressing the indicated caspase-8 mutants in the 
absence (c) or presence (d) of stably expressed RIPK3, following transfection 
with scramble or FLIP-targeted siRNA, and 12h TNF treatment. Error bars, 
s.d.; 1 = 3. e, f, Cell death (PI uptake) of SVEC 4-10 cells stably expressing 
RIPK3-specific (e) or scramble (f) shRNA, transfected with the indicated 
siRNAs and treated with TNF for 12h. Graph is mean of two independent 
experiments, error bars indicate range. g, Cell death (PI uptake) of L929 cells 
expressing scramble or RIPK3-specific shRNA, transfected with siRNAs 
specific for caspase-8 and/or FLIP as indicated. Death was assessed 48 h post- 
transfection. Error bars, s.d.; n = 3. The data presented are representative of 
results obtained with either of two separate siRNAs to both caspase-8 and FLIP. 


(Fig. 3c). Conversely, cells expressing RIPK3 died upon TNF exposure if 
they lacked caspase-8 or expressed catalytically inactive caspase-8~* 
(Fig. 3d). Importantly, cells expressing non-cleavable caspase-8° were 
resistant to TNF-induced, RIPK3-dependent death, but became sensi- 
tive to this form of cell death upon knockdown of FLIP (Fig. 3d). Thus, 
FLIP expression prevents caspase-8-dependent, RIPK3-independent 
death (apoptosis), and prevents RIPK3-dependent, necrotic cell death 
in a caspase-8-dependent manner. Apoptosis mediated by caspase-8 
depends on cleavage of the caspase’®’’, whereas inhibition of RIPK3- 
mediated cell death does not. 

We obtained similar results in several cell lines. In murine SVEC 
cells, knockdown of caspase-8 or FLIP promoted TNF-induced cell 
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death, which in the case of caspase-8 was completely blocked by con- 
comitant knockdown of RIPK3 (Fig. 3e, f and Supplementary Fig. 3c). 
In contrast, TNF-induced cell death promoted by knockdown of FLIP 
was only partially dependent on RIPK3, presumably due to compensa- 
tion by caspase-8-mediated apoptosis. This was supported by the com- 
bined knockdown of caspase-8 and FLIP, in which TNF-induced cell 
death was entirely RIPK3 dependent (Fig. 3e, f). Similar results were 
obtained in two 3T3 cell lines with (SA) or without (NIH) RIPK3 
(Supplementary Fig. 3d-f). 

In L929 cells, treatment with caspase inhibitor alone has been shown 
to cause RIPK3-dependent death due to autocrine production of 
TNF’. In these cells, knockdown of either caspase-8 or FLIP led to 
cell death that was fully dependent on RIPK3 (Fig. 3g and Supplemen- 
tary Fig. 3g). For unknown reasons, no RIPK3-independent, caspase- 
8-dependent apoptosis was observed in these cells. However, together 
with the results obtained in Casp8 ‘~ Ripk3-’~ DKO MEF expressing 
non-cleavable caspase-8* (discussed above), these observations indi- 
cate that rather than simply functioning to dampen caspase-8 activa- 
tion, FLIP is an important component of the protective effect. 

CrmA is a pox-virus protein that potently inhibits the enzymatic 
activity of caspase-8 homodimers”'(Fig. 4a). Remarkably, the ability 
of CrmA to inhibit the activity of caspase-8°"-FLIP heterodimers 
was strikingly attenuated (Fig. 4a). Proposing that this property would 
allow discrimination between the cellular roles of caspase-8 homodi- 
mers and caspase-8-FLIP heterodimers, we expressed CrmA in RIPK3- 
deficient 3T3-NIH cells or RIPK3-expressing 3T3-SA cells and 
examined the response to TNF (Fig. 4b). CrmA blocked the RIPK3- 
independent, caspase-8-dependent apoptotic death induced by TNF 
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treatment of 3T3-NIH cells following FLIP knockdown. However, 
CrmA did not sensitize RIPK3-expressing 3T3-SA cells to TNF- 
induced death (Fig. 4b), demonstrating that the inhibitor is not able 
to influence the ‘survival’ role of caspase-8. However, 3T3-SA cells 
expressing CrmA were readily sensitized to undergo TNF-dependent 
death by knockdown of caspase-8, FLIP, or both (Fig. 4d). Importantly, 
death induced by FLIP knockdown in 3T3-SA cells was only partially 
inhibited by the RIPK1 inhibitor necrostatin-1 (Necl) or by stable 
knockdown of RIPK3, presumably due to contribution from caspase- 
8-dependent, RIPK3-independent apoptotic death under these condi- 
tions (Fig. 4c and Supplementary Fig. 4a). However, in CrmA-expressing 
3T3-SA cells, the death induced by FLIP knockdown and TNF treatment 
was entirely inhibitable by Necl (Fig. 4d), presumably due to CrmA- 
mediated blockade of caspase-8-dependent apoptosis in these cells. 
These observations provide further support for the idea that the 
caspase-8-FLIP heterodimer is functionally active in inhibiting RIPK3- 
dependent necrosis without promoting apoptosis. 

We next sought to determine whether FLIP itself is required for the 
suppression of RIPK3-dependent TNF induced death, or whether it is 
merely required to dampen the apoptotic effect of caspase-8. To differ- 
entiate between these possibilities, we blocked the mitochondrial path- 
way of apoptosis in 3T3-SA cells by expression of the anti-apoptotic 
Bcl-2 family member Bcl-XL (also known as Bcl211), which blocks 
caspase-8-mediated apoptosis in many cells”. Strikingly, knockdown 
of FLIP in these cells strongly sensitized them to TNF-induced cell 
death, an effect that was completely inhibited by Necl or concomitant 
RIPK3 knockdown (Fig. 4e and Supplementary Fig. 4b). Western blot 
analysis showed appearance of fully-processed caspase-8 upon FLIP 
knockdown and TNF treatment in 3T3-SA cells with or without over- 
expression of Bcl-XL (Supplementary Fig. 4c). However, Bcl-XL 
expression blocked appearance of fully processed caspase-3 under these 
conditions, consistent with inhibition of the mitochondrial pathway of 
apoptosis (Supplementary Fig. 4c). Therefore, cells in which caspase-8 is 
activated but apoptosis is blocked nevertheless require FLIP for effective 
suppression of RIPK3-mediated death. Immunoprecipitation of FADD 
following TNF treatment of Bcl-XL expressing 3T3 cells did not co- 
precipitate RIPK1 or RIPK3 (Fig. 4f). However, when caspase-8, FLIP, 
or both were knocked down in these cells, association of both RIPK1 and 
RIPK3 with FADD was observed (Fig. 4f). Cleaved caspase-8 was 
observed in whole lysates from these cells upon FLIP knockdown and 
TNF treatment, indicating that active caspase-8 was present in these 
cells, but was unable to prevent formation of the RIPK1-RIPK3 com- 
plex in the absence of FLIP (Supplementary Fig. 4d). Therefore, caspase- 
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Figure 4 | The caspase-8-FLIP heterodimeric complex suppresses RIPK3- 
dependent cell death. a, Inhibitory effect of CrmA on FKBP-caspase-8 
homodimers or caspase-8°“—FLIP heterodimers induced by dimerizer 
treatment of purified recombinant protein. b, Cell death (PI uptake) of RIPK3- 
deficient (NIH) or RIPK3 expressing (SA) 3T3 cells treated as indicated for 
12h. Error bars, s.d.; n = 3. c-e, Cell death (PI uptake) of 3T3-SA cells stably 
expressing vector (c) or CrmA (d), or anti-apoptotic Bcl-XL (e) following 
transfection with the indicated siRNA and treatment with TNF and the RIPK1 
inhibitor Necl as indicated for 24h. Error bars, s.d.; n = 3. f, 3T3-SA cells 
expressing Bcl-XL were subjected to immunoprecipitation (IP) of FADD 
following transfection of siRNAs to caspase-8 and FLIP and treatment with 
TNF for 90 min as indicated. Immune complexes were resolved by western 
blotting with the indicated antibodies. The data presented are representative of 
results obtained with either of two separate siRNAs to both caspase-8 and FLIP. 


8-FLIP heterodimer, but not caspase-8 homodimer, prevents the stable 
association of FADD, RIPK1 and RIPK3, and prevents necrotic death. 

The death of mice homozygous for caspase-8 deletion at E10.5 has 
been traced to a failure in early vascularization and haematopoietic 
development’. Our results demonstrate that this requisite role for 
caspase-8 in embryogenesis is eliminated by concurrent ablation of 
RIPK3. As RIPK3 is essential for programmed necrosis, the likely role 
of caspase-8 in development is to suppress the lethal effects of RIPK3, 
probably associated with necrotic death of endothelial and haemato- 
poietic precursors. Consistent with this idea, we observed RIPK3 
expression in haematopoietic tissues (Supplementary Fig. 1d). Further, 
we found that the ability of caspase-8 to inhibit RIPK3-dependent 
necrosis depends on the expression of FLIP. Caspase-8-FLIP hetero- 
dimers are enzymatically active, and this does not require cleavage of 
caspase-8 between its large and small subunits. In contrast, apoptosis 
induced by caspase-8 depends on such cleavage, which stabilizes the 
homodimer'*'””. This explains the ability of non-cleavable caspase-8 
to rescue development in caspase-8-deficient mice without restoring 
sensitivity to death receptor-induced apoptosis’”. This also explains the 
observation that activation of caspase-8-deficient T-cells causes cell 
death that is inhibitable by Necl**. Our finding that T cells lacking 
both caspase-8 and RIPK3 proliferate normally is consistent with the 
idea that caspase-8 functions to suppress RIPK1-RIPK3-dependent 
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cell death. Demonstration that non-cleavable caspase-8 can rescue 
T-cell proliferation’, along with our finding that FLIP can impart 
catalytic activity to this form of caspase-8, further supports an essential 
role for the caspase-8-FLIP complex in this process. Furthermore, 
because FLIP is a well known transcriptional target of NE-«B”’, the 
suppression of RIPK3-dependent necrosis may represent a novel role 
for NF-«B signalling in immune cell proliferation. Taken together, 
these results support the idea that the main non-apoptotic function 
of caspase-8 is to suppress RIPK3-dependent necrosis during develop- 
ment and immune cell proliferation, and that it does so in complex 
with FLIP. Although caspase-8 may yet prove to have roles in other 
cellular processes, such as NF-«B activation”® and cell motility”’, our 
results do not provide support for such activities in development. 

On the basis of the phenotypes of the caspase-8 (ref. 1), FADD®, and 
FLIP’-deficient animals, it is likely that the complex that protects cells 
from RIPK3-dependent necrosis includes all three of these com- 
ponents. Such complexes readily form in response to death receptor 
signalling’**. At present, it is not known if development of caspase-8 
deficient animals can be rescued by deletion of TNFR1, CD95, or the 
murine TRAIL receptor, all of which are capable of triggering RIPK- 
dependent necrosis in the absence of caspase-8 (ref. 4). It is also possible 
that these (and their ligands) function redundantly to cause necrosis in 
caspase-8-deficient endothelium and haematopoietic cells, or that other 
death or immune receptors cause this effect. 

The ability of CrmA to block caspase-8-mediated apoptosis but not 
the protective effect of caspase-8-FLIP indicates that some viruses can 
subvert this system to prevent both apoptosis and necrosis of infected 
cells. Consistent with our findings, T cells expressing a CrmA trans- 
gene were observed to resist death receptor-induced apoptosis, but 
unlike caspase-8-deficient T cells, showed no proliferative defects in 
response to activation”. In contrast, in one study CrmA overexpres- 
sion was observed to sensitize L929 cells to TNF-induced necrosis; it is 
likely that in this case CrmA was expressed at high enough levels that 
its relatively weak inhibition of caspase-8—FLIP activity was sufficient 
to disrupt protection’. 

The precise mechanism by which the catalytic activity of the caspase- 
8-FLIP complex is engaged to prevent RIPK3-dependent necrosis with- 
out triggering apoptosis is not presently known. Our data indicate that 
both caspase-8 and FLIP are required to disrupt formation of a stable 
complex containing FADD, RIPK1 and RIPK3 following TNF ligation. 
In cell-free systems, caspase-8-FLIP heterodimers display less proteo- 
lytic activity than caspase-8 homodimers on apoptotic substrates such as 
Bid and caspase-3 (refs 17, 30). while maintaining a low but perceptible 
ability to cleave RIPK1 (ref. 30). It is therefore possible that FADD- 
dependent formation of caspase-8-FLIP heterodimers prevents stable 
RIPK1-RIPK3 association by cleaving RIPK1. However, the target and 
efficiency of this protease in vivo is likely to be determined by its recruit- 
ment to specific complexes, and the presence and availability of sub- 
strates therein, making it difficult to draw firm conclusions from 
biochemical studies. It remains possible that downstream targets of 
RIPK3 that cause necrosis (currently unknown) are the relevant sub- 
strates. NADPH-oxidase, mitochondrial reactive oxygen species pro- 
duction’, and metabolic enzymes’ have been suggested to be possible 
downstream effectors of RIPK3, but at present, we do not know how 
these may be engaged by this kinase following its activation by RIPK1. 


METHODS SUMMARY 

Mice and treatments. Mice with a deleted allele of caspase-8 were generated by 
germ line deletion of a caspase-8"™ allele described previously. RIPK3-deficient 
animals were obtained from V. Dixit’*. Genotypes were confirmed by tail snip 
PCR as described previously. For Jo2 injections, animals were injected via tail vein 
with 15 ,1g purified Jo2 in lipopolysaccharide-free PBS per animal. Liver enzymes 
were assayed using a Trilogy Multi-Purpose Analyzer System from Drew 
Scientific, and liver sections were created and stained with haematoxylin and 
eosin, in the St. Jude Veterinary Pathology Core facility. For SEB injections, 
50 ug SEB (Toxin Technology Inc.) per animal was injected via tail vein and 
T-cell populations were monitored by retro-orbital bleed and FACS as detailed 
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previously. The St. Jude Institutional Animal Care and Use Committee approved 
all procedures in accordance with the Guide for the Care and Use of Animals. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

siRNAs and DNA constructs. SiRNAs against caspase-8 (5'-GUGAAUGGAAC 
CUGGUAUA-3’ and 5’-GUCACGGACUUCAGACAAA-3’, catalogue number 
J-043044-05 and J-043044-06, respectively) and FLIP (5’-GGAGCAAGAUC 
AAAUAUGA-3’ and 5'’-GAAUAGACUUGAACACAAA-3’, catalogue number 
J-041091-05 and J-041091-08 respectively) as well as scramble siRNA control 
(5'-UGGUUUACAUGUCGACUAA-3’, catalogue number D-001810-01) were 
ordered from Dharmacon, and introduced into cells using Lipofectamine 
RNAiMAX (Invitrogen) according to manufacturer’s guidelines. Caspase-8 con- 
structs were created by cloning full-length untagged murine caspase-8 upstream of 
a T2A ribosome-skipping sequence followed by green fluorescent protein (GFP), 
and introducing this construct into the pBabe-puro retroviral vector. The indi- 
cated D387A and C362A mutants were introduced using the QuikChange 
Mutagenesis kit from Agilent. For in cellulo experiments, CrmA was cloned into 
the pLNCX vector upstream of an IRES-GFP sequence, and cells transduced with 
this construct or vector control were sorted for GFP expression via FACS. Bcl-XL- 
expressing cell lines were produced by retroviral transduction of Bcl-XL-GFP 
fusion protein in pLZRS vector, followed by FACS sorting to achieve homogeneous 
expression. 

Cell lines. L929, SVEC 4-10 and 3T3-SA cell lines stably expressing scrambled or 
RIPK3-specific short hairpin RNAs were produced using the TRCN0000022535 
lentiviral construct (hairpin sequence: 5'-CCGGCCTCAGATTCCACATACTTT 
ACTCGAGTAAAG-TATGTGGAATCTGAGGTTTTT-3’) from OpenBiosystems 
or control shRNA (5’-CCTAAGGTTAAGTCGCCCTCGCTCGAGCGAGGGC 
GACTTAACCTTAGG-3’) as previously described*'. These cell lines were main- 
tained in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen) supple- 
mented with 10% FCS, L-glutamine, and pen/strep. MEF were isolated from 
Casp8 '~ Ripk3-‘~ embryos, transformed using E1A12S and H-RasG12V in 
pWZL-Hygro and pBabe-Puro retroviral vectors respectively, then selected in 
0.5 tg ml _* puromycin and 40 tg ml’ hygromycin. These transformed cells were 
then transduced with the murine caspase-8 constructs described earlier, and sorted 
by FACS to achieve homogenous caspase-8 expression, then transduced with full- 
length untagged murine RIPK3 in the pLZRS retroviral vector and selected in 
100 pg ml ! zeocin. MEF were maintained in DMEM as described above, but also 
supplemented with 55 11M B-mercaptoethanol, 1 mM sodium pyruvate and non- 
essential amino acids (Gibco). Caspase-8"™"*RosaCreER MEF were transformed 
as described above, and Cre recombinase was activated by culturing cells in 100 nM 
4-hydroxytamoxifen for 48 h, followed by culture for 1 week to establish a stable 
population. Caspase-8 deletion was confirmed by PCR and western blot (not 
shown). 

Immunoprecipitation of FADD. 3T3-SA cells stably overexpressing Bcl-XL were 
transfected with siRNAs specific to FLIP, caspase-8, or with a scrambled control 
siRNA as described. 48h post-transfection, cells were treated with 20 ng ml? 
recombinant murine TNF-« for 90 min. Immunoprecipitation of DISC-associated 
complexes was carried out using buffer and lysis conditions previously described”. 
FADD was immunoprecipitated using the M19 polyclonal anti-FADD antibody 
conjugated to Protein A/G-PLUS Agarose beads, also from Santa Cruz. Immune 
complexes were eluted by boiling in reducing western blot loading buffer and 
resolved by western blot using the antibodies described. 

Immune cell staining, cell death and activation assays. For immune cell stain- 
ing, spleen, thymus and lymph node were harvested from animals and single cell 
suspensions were generated. For immune cells staining from the blood, blood was 
harvested weekly from the retrorbital sinus from animals anesthetized with 
2-2.5% isoflurane in 11 oxygen. Red blood cells were lysed in hypotonic buffer 
and samples were stained with the appropriate antibodies as described below. Data 
was acquired using a FACsCalibur or LSRII using CellQuest Pro and FACsDiva 
software, respectively. Data analysis was performed using FlowJo (Tree Star). For 
activation assays, splenic T cells were isolated from whole spleen using magnetic 
separation (Pan T cell isolation kit II, Miltenyi Biotec (130-095-130)). Cells were 
stained with CFSE and plated at 1 X 10° cells per well in 96-well plates with 
10 ug ml plate-bound anti-CD3 and 10 jig ml soluble anti-CD28. For thymo- 
cyte death assays, single cell suspensions of thymocytes were plated at 1.5 X 10° 


cells per well in 96-well plates and treated with the various apoptosis inducers with 
or without 20 uM qVD. Cells were harvested at 8h (or 22h for Jo2), stained with 
AnnexinV and 7-AAD, and assayed for viability using flow cytometry. Splenocytes 
were cultured in RPMI 1640 (Invitrogen) supplemented as described for MEF 
above. Thymocytes were cultured in this media as well, but charcoal-stripped FBS 
was used. 

Compounds, antibodies and cytokines. Antibodies used for western blot were: 
Anti-RIPK1 from BD (610458), anti-RIPK3 from Imgenex (IMG-5523-2), anti- 
caspase-8 (1G12) and anti-FLIP (Dave-2) both from Alexis, and anti-Actin (C4) 
from MP, anti-caspase-3 from Cell Signaling (9662), and anti-Bcl-XL(S18) and 
anti-FADD(M19) both from Santa Cruz. Murine TNF-« came from Peprotech. 
Necrostatin-1 came from Enzo, and zVAD-fmk came from SM Biochemicals. 
Purified anti-murine CD95 (clone Jo2), antiCD3 (clone 145-2C11), and anti- 
CD28 (clone 37.51), and fluorescent-conjugated anti-B220-PE (clone RA3-6B2), 
anti-CD4-PerCp-Cy5.5 (clone RM4-5), anti- VB6-FITC and anti-VB8-PE came 
from BD Biosciences. Anti-CD3-FITC (clone 145-2C11) and anti-CD8-APC 
(clone 53-6.7), as well as 7-AAD came from eBioscience. Annexin-V-APC came 
from Invitrogen. Dexamethasone was from APP Pharmaceuticals, staurosporine, 
etoposide and ionomycin were from Sigma. Ultraviolet irradiation was accomp- 
lished using a UV Stratalinker 2400 from Stratagene, whereas y-irradiation used a 
JL Shepard Mark 1 Cesium 137 irradiator. 

Protein purification and in vitro assays. Production of CrmA* and FKBP- 
caspase-8 (ref. 34) were accomplished as previously described. FRB-FLIP, 
mutants were expressed as C-terminal His-tagged proteins in pET29b. Upon 
induction with 1mM IPTG, cells were grown at 25°C for 16h and purified by 
Ni-affinity chromatography. Homodimerization and kosmotrope assays have been 
described**. Heterodimerization experiments were performed similarly, except that 
FRB-FLIP, and the heterodimerization drug AP21967 (provided, along with the 
homodimerization drug AP20187, by Ariad Pharmaceuticals, http://www.ariad. 
com/regulationkits) were added in 4-5-fold molar excess to FKBP-caspase-8. 
For CrmA inhibition studies, homo or heterodimeric activated caspase-8 (10- 
50nM) diluted in caspase buffer (10mM Pipes pH7.2, 0.1M NaCl, 1mM 
EDTA, 10% sucrose, 0.05% CHAPS, 5 mM DTT)was added to a mixture of serially 
diluted CrmA (30-2,000 nM). Caspase-8 activity was monitored using Ac-IETD- 
AFC; indicated activities represent linear rates of IETDase activity between 850 and 
950s after addition of CrmA, as a percentage of activity without CrmA addition. 
Mice and treatments. Mice with a deleted allele of caspase-8 were generated by 
germ line deletion of a caspase-8"™ allele described previously*’. RIPK3-deficient 
animals were obtained from V. Dixit**. Genotypes were confirmed by tail snip 
PCRas described previously. For Jo2 injections, animals were injected via tail vein 
with 15 1g purified Jo2 in lipopolysaccharide-free PBS per animal. Liver enzymes 
were assayed using a Trilogy Multi-Purpose Analyzer System from Drew 
Scientific, and liver sections were created and stained with haematoxylin and 
eosin, in the St. Jude Veterinary Pathology Core facility. For SEB injections, 
501g SEB (Toxin Technology Inc.) per animal was injected via tail vein and 
T-cell populations were monitored by retro-orbital bleed and FACS as detailed 
previously. The St. Jude Institutional Animal Care and Use Committee approved 
all procedures in accordance with the Guide for the Care and Use of Animals. 
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Apoptosis and necroptosis are complementary pathways controlled 
by common signalling adaptors, kinases and proteases; among 
these, caspase-8 (Casp8) is critical for death receptor-induced 
apoptosis. This caspase has also been implicated in non-apoptotic 
pathways that regulate Fas-associated via death domain (FADD)- 
dependent signalling and other less defined biological processes as 
diverse as innate immune signalling and myeloid or lymphoid dif- 
ferentiation patterns’. Casp8 suppresses RIP3-RIP1 (also known as 
RIPK3-RIPK1) kinase complex-dependent*~* necroptosis’ that fol- 
lows death receptor activation as well as a RIP3-dependent, RIP1- 
independent necrotic pathway that has emerged as a host defence 
mechanism against murine cytomegalovirus®. Disruption of Casp8 
expression leads to embryonic lethality in mice between embryonic 
days 10.5 and 11.5 (ref. 7). Thus, Casp8 may naturally hold alter- 
native RIP3-dependent death pathways in check in addition to 
promoting apoptosis. We find that RIP3 is responsible for the 
mid-gestational death of Casp8-deficient embryos. Remarkably, 
Casp8~’~ Rip3~’~ double mutant mice are viable and mature into 
fertile adults with a full immune complement of myeloid and 
lymphoid cell types. These mice seem immunocompetent but 
develop lymphadenopathy by four months of age marked by accu- 
mulation of abnormal T cells in the periphery, a phenotype remini- 
scent of mice with Fas-deficiency (Jpr/Ipr; also known as Fas). Thus, 
Casp8 contributes to homeostatic control in the adult immune sys- 
tem; however, RIP3 and Casp8 are together completely dispensable 
for mammalian development. 

To determine whether Casp8 can hold RIP3 kinase-dependent 
death*°** in check, we used murine L929 cells, a system that requires 
continued Casp8 expression for cell survival’. Inhibition of Casp8 with 
either small interfering RNA (siRNA; Supplementary Fig. la) or 
zVAD-fmk (Supplementary Fig. 1c) induced death, as expected from 
previous studies’. When treated with RIP3-specific short hairpin RNA 
(shRNA), however, L929 cells were protected from death (Supplemen- 
tary Fig. la), consistent with this being a RIP3-dependent necrotic 
death pathway. The murine cytomegalovirus (MCMV) M45 gene- 
encoded viral inhibitor of RIP activation (vVIRA) blocks RIP3-dependent 
necrotic death®. In keeping with the importance of a RIP3-RIP1 com- 
plex in necroptosis”*, vIRA blocked death, whereas a tetra-alanine 
RIP homotypic interaction motif (RHIM) substitution mutant, 
M45mutRHIM*® failed to suppress death induced by either Casp8 
siRNA or zVAD (Supplementary Figs 1b, d). Necrostatin-1 was used 
to demonstrate that RIP1 kinase activity was necessary for necroptosis 
(Supplementary Fig. 1c). The specific viral inhibitor of Casp8 activation 
(vICA) encoded by the MCMV M36 gene” also induced this death 
pathway (Supplementary Fig. le, f). These data demonstrate that 
L929 cells succumb to RIP3-dependent necrotic death when Casp8 is 
inactive or eliminated. 

Disruption of Casp8 expression leads to embryonic lethality in mice 
between embryonic day 10.5 (E10.5) and E11.5, coincident with 
embryonic vascular, cardiac and haematopoietic defects”’*”*; however, 


the molecular mechanisms behind these defects remain poorly 
defined’''"*. To evaluate the potential contribution of RIP3 to embry- 
onic lethality, we examined wild-type and Casp8'~ embryos as well as 
extra-embryonic tissues for Rip3 expression. On the basis of in situ 
hybridization, Rip3 transcript levels increased and tissue distribution 
broadened as embryonic development proceeded from E9.5 to E12.5 in 
both genotypes, indicating that Rip3 transcript is not regulated by 
Casp8 (Fig. 1a and data not shown). At E9.5, Rip3 was prominent in 
the apical ectodermal ridge (AER) of the hind-limb bud and the tail 
bud, and expanded to include the fore-limb bud AER, midline of the 
spinal cord, branchial arches and intersomitic regions by E10.5 through 
E12.5 (Fig. la and data not shown), a signal that was absent from RIP3- 
deficient E10.5 embryos (Fig. 1b). Additionally, RIP3 was readily 
detected by immunoblot in E10.5 embryo and yolk sac cell lysates (data 
not shown). Mice homozygous for disruption of exons 3 and 4 in Casp8 
(ref. 14) died by E11.5 and presented with heart defects, hyperaemia in 
the abdominal region, and undulation of the neural tube (Fig. 1c and 
Supplementary Fig. 2a), consistent with earlier studies that used 
alternative targeting strategies to disrupt Casp8 (refs 7, 11, 13). 

The yolk sac is the initial site of haematopoiesis before the transfer of 
function to intra-embryonic sites. The most pronounced impact of 
Casp8 disruption, either in embryonic tissues or in the yolk sac, is the 
disruption of endothelial cell organization leading to circulatory failure 
in the yolk sac, the probable culprit behind embryonic lethality'"’. 
When we used PECAM-specific antibody to localize endothelial cells 
in Casp8-deficient embryos (E10.5), we observed the expected contrast 
between an organized yolk sac vascular pattern in control mice and a 
disrupted pattern in Casp8-deficient mice (Fig. 1d). These observations 
affirmed the disruption of vascular development in Casp8 null 
embryos. RIP3 was also detected in the yolk sac endothelium of both 
Casp8*’~ Rip3*’” and Casp8 ’ Rip3*’” embryos at this time (Sup- 
plementary Fig. 2b); thus, RIP3 was present in the cell populations 
most widely implicated in embryonic death of Casp8-deficient mice 
independently of Casp8 expression. Casp8 deficiency is also known to 
compromise primitive haematopoietic progenitor cell (HPC) develop- 
ment’, a process dependent on CD41” cells populating yolk sac blood 
islands and fetal sites'®. RIP3 was detected in CD41” cells in the yolk 
sac blood islands of embryos (Fig. le and Supplementary Fig. 2c). The 
striking CD41” cell fragmentation in the yolk sac blood islands of 
Casp8 ‘ Rip3‘’~ embryos at E10.5 further implicates this kinase in 
processes leading to embryonic death. 

To establish the role of the RIP3 kinase in embryonic lethality of 
Casp8-deficient mice, we generated double knock out (DKO) 
Casp8 ’Rip3-’~ embryos by a Casp8*’ Rip3‘’~ intercross. In 
contrast to Casp8 ’ Rip3*’~ embryos, which were developmentally 
arrested at ~E11.0, DKO embryos were indistinguishable from 
Casp8*’ Rip3’~ or Casp8*’ Rip3*’~ embryos at E12.5 and later 
times, had a functioning heart and organized yolk sac endothelial 
architecture and, remarkably, exhibited HPC colony formation at 
levels comparable to wild-type mice (Fig. 1f, g and Supplementary 
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Figure 1 | Embryonic expression of Rip3. a, Whole-mount Rip3 in situ 
hybridization of Casp8*/ * Rip3*/ * £9.5 (left panel), E10.5 (middle panel), and 
E12.5 (right panel) embryos. b, Whole-mount Rip3 in situ hybridization of 
Casp8‘’" Rip3*’* and Casp8*’* Rip3 ’~ E10.5 embryos demonstrating 
specificity of the probe. c, View of the neural tube of E11.5 embryos with the 
indicated genotype. d, PECAM-1 (CD31) staining ofa whole-mount E10.5 yolk 
sac from a representative Casp8*’ Rip3*’~ (left panel) and Casp8~ Rip3*’— 
(right panel) embryo (100). e, CD41 (green) and nuclear DNA (blue) staining 
of a yolk sac from a E10.5 Casp8*’ Rip3*’~ (left panel) and a 
Casp8 ‘ Rip3*’~ (right panel) embryo. f, Average number of colony-forming 
cells (CFC) following culture of disrupted E10.5 yolk sacs of the indicated 
genotype. Error bars, s.d. (n = 3). g, Photographs of E12.5 embryos and yolk 
sacs with the indicated genotype. The right panel shows side by side embryos 
with yolk sacs removed. 


Fig. 2d and data not shown). The apparent normalization of the Casp8- 
deficient phenotype by removal of RIP3 indicated that this kinase was 
responsible for the ~E11.0 embryonic block, so we permitted the 
intercross pregnancies to complete gestation. PCR analysis performed 
on tissues from weanling mice confirmed deletion of Casp8 exons 3-4 
as well as deletion of Rip3 in both alleles (Supplemental Fig. 3a). We 
detected RIP1, Casp8 and RIP3 in spleen and thymus from wild-type 
mice examined by immunoblot (Fig. 2a). Casp8*’*Rip3 “, 
Casp8*’~ Rip3‘~ and DKO mice all lacked RIP3 but retained unaltered 
RIP1 levels in tissues. Casp8 was absent from DKO mice but present in 
other intercross progeny with predicted Mendelian frequencies 
(Fig. 2b). As expected, Casp8-deficient, RIP3-expressing progeny were 
not seen. Furthermore, when bred, adult DKO mice gave birth to 
viable mice that survived through adulthood and appeared similar 
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Figure 2 | Casp8~’ Rip3’~ mice are viable. a, Immunoblot of Casp8, RIP3, 
RIP1 and B-actin from thymus (left panel) and spleen (right panel). The asterisk 
denotes elevated heavy IgG heavy chain reactive with secondary antibody in 
DKO sample. b, Epistatic analysis of mice born following Casp8‘’” Rip3'’~ 
intercross with predicted and observed frequencies. 


to Casp8*’~ Rip3 ’~ mice bred in parallel (Supplementary Fig. 3b). 
Earlier studies showed that conditional deletion of Casp8 in epidermis 
promoted perinatal lethality characterized by chronic inflam- 
mation’*'”. DKO mice did not exhibit any evidence of skin inflam- 
mation when followed for more than 6 months, indicating that RIP3 
must have had a proinflammatory role in the absence of epithelial 
Casp8 in prior studies. These results further indicate that embryonic 
lethality as well as a range of vascular degeneration and neural tube 
defects, together with haematopoietic abnormalities and chronic 
inflammation seen in mice lacking Casp8 are all RIP3-dependent. 

To verify the functional elimination of Casp8 in cells derived from 
DKO animals, we evaluated susceptibility to inducers of death receptor 
(DR)-mediated apoptosis. Although Casp8 has an essential role in 
macrophage differentiation’, DKO mice produced CD11b* F4/80* 
bone marrow-derived mononuclear (BMDM) cells just as readily as 
controls, and these cells lacked detectable RIP3 or Casp8 (Fig. 3a and 
b). Thus, the requirement for Casp8 during macrophage differenti- 
ation is suppressed by RIP3-deficiency. Macrophages prepared from 
wild-type, Casp8*’* Rip3 ’~ and Casp8*’ Rip3 ‘~ mice died when 
exposed to reagents promoting Fas activation, whereas DKO cells were 
completely resistant, consistent with the established role of this caspase 
in DR-induced apoptosis. In the presence of the caspase inhibitor 
zVAD-fmk, Fas activation promoted RIP3-dependent necroptosis in 
RIP3-containing BMDM cells (Fig. 3c). Furthermore, cells expressing 
RIP3 were susceptible to necroptosis, whereas Rip3 knockout and 
DKO mice remained resistant to this death pathway. Thus, DKO cells 
were insensitive to either extrinsic DR-induced apoptosis or RIP3- 
dependent necroptosis, consistent with their genotype. Previously, 
conditional knockout of Casp8 in the liver revealed its essential role 
in TNF or Fas-induced fatal hepatitis'’’*. DKO mice were resistant to 
anti-Fas-antibody treatment, survived for over 48h (Fig. 3d) and 
showed normal liver architecture (Fig. 3e), although they exhibited 
slightly elevated levels of the liver-associated transaminases ALT (alanine 
aminotransferase) and AST (aspartate aminotransferase) (data not 
shown). In contrast, Casp8*’ Rip3‘~ littermate control mice developed 
hepatitis (Fig. 3d and 3e). DKO mice were also resistant to administra- 
tion of LPS in combination with the liver-specific transcriptional inhi- 
bitor D-(+) galactosamine (GalN), which induces a TNF-dependent 
fatal liver hepatitis in both wild-type'® and Casp8*’* RIP3’~ mice 
(Supplementary Fig. 4). This resistance was comparable to the negative 
control TRIF-deficient mice’? (also known as TICAM1; Supplementary 
Fig. 4). 

Although RIP3 is dispensable for myeloid and lymphoid develop- 
ment”, Casp8 is essential for generation of both myeloid and lymphoid 
lineages'"'*?!”?. To determine whether this essential role of Casp8 
was due to dysregulation of RIP3, we evaluated the characteristics of 
leukocytes from the thymus, bone marrow, spleen and lymph node 
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Figure 3 | Sensitivity to DR-induced apoptosis, necroptosis and disease. 

a, Immunoblot of Casp8, RIP3, RIP1 and B-actin in BMDM derived from mice 
with the indicated genotype. b, Relative cell surface expression levels of CD11b 
(top panel) or F4/80 (bottom panel) shown by red line (DKO), black line 
(Casp8*’* Rip3*’*), grey line (Casp8*’* Rip3 ‘~), or blue line 

(Casp8*’” Rip3 ’~) on BMDM stained cells. Isotype control is shown by 
shaded histogram. c, Viability of BMDM cultured in CHX (5 ug ml ') and 
treated with anti-Fas antibody for 18 h in the presence or absence of the caspase 
inhibitor zVAD-fmk (25 11M) and/or Nec-1 (30 UM). Cell viability was 
determined by measuring intracellular ATP levels with a Cell Titer-Glo 
Luminescent Cell Viability Assay kit. Error bars, s.d. (n = 4). d, Kaplan-Meier 
survival plot of 12-week-old Casp8*’* Rip3*’* (n = 3), 

Casp8*’" Rip3 ’(n=5), Casp8‘’ Rip3 ’ (n=5), and DKO (n= 5) mice 
injected intraperitoneally with 12.5 yg of anti-Fas Jo-2 antibody; n, numbers of 
mice analysed. Legend genotypes and line colour is the same as inc. e, Histology 
of liver sections from Casp8"’ Rip3‘~ (left panel) and Casp8 '~ Rip3 ‘~ 
mice (right panel) 3h after injection with Jo-2 antibody. 


(LN) of DKO mice, littermate Casp8*’~ Rip3 ‘~ and wild-type mice 
(Fig. 4a) by fluorescence-activated cell sorting (FACS) analysis, detect- 
ing the presence of myeloid and lymphoid populations in all three 
genotypes based on forward (size) and side (granularity) light scatter 
properties (data not shown) in combination with surface markers. We 
observed inflammatory monocytes (CD11b*Ly6C™) and polymor- 
phonuclear leukocytes (CD11b*Ly6C™) in the bone marrow and 
spleen (Fig. 4a) of wild-type and DKO mice. On the basis of CD11c 
and F4/80 expression, dendritic cells and macrophages, respectively, 
populated the same tissues of DKO and Casp8*’ Rip3 ‘~ littermate 
controls (data not shown). Thus, myeloid cell populations continued 
to be generated in the absence of RIP3 and Casp8, consistent with the 
successful derivation of BMDM cells from DKO mice (see Fig. 3). NK 
(CD49b* CD3"), NKT (CD49b* CD3*) and B (CD19*) lymphocytes, 
including predominant IgD* as wellas less prevalent IgD” B cells (data 
not shown) were present in all tissues examined (Fig. 4a). 

Defects in the Fas (CD95)-death receptor pathway promote the 
accumulation and expansion of lymphocytes and the development 
of autoimmune lymphoproliferative syndromes (ALPS)**. Caspase-8 
is downstream of Fas, and similarly DKO mice showed pronounced 
splenomegaly and lymphadenopathy over the first few months of age 
(Supplementary Fig. 5a—c). Adult DKO mouse spleens ranged from 
three to seven times the size of Casp8*’ Rip3 ’~ littermate controls 
(Fig. 4b and Supplementary Fig. 5b, c) and contained more lymphoid 
cells in splenic white pulp (data not shown). Histological examination 


370 | NATURE | VOL 471 | 17 MARCH 2011 


revealed lymphocytic infiltrates in the salivary glands, pancreas and 
lamina propria of both stomach and small intestine (data not shown). 
Consistent with size, DKO mice had significantly greater numbers of 
leukocytes in secondary lymphoid tissues such as spleen (Supplemen- 
tary Fig. 5d) that seemed to result from abnormally high levels of 
CD3* T cells and to a lesser degree CD19" B cells (Supplementary 
Fig. 5e). Whereas these characteristics are consistent with the known 
role of Casp8 in DR-associated haematopoietic homeostasis**, they 
contrast with the characteristics of mice with Casp8-deficient T cells, 
where there are fewer T cells than B cells in secondary lymphoid 
tissues't”?. Thus, there was a marked accumulation of T cells that 
contributed to lymphadenopathy and splenomegaly as DKO mice 
aged. 

Casp8-deficient T cells show defects in the response to antigens 
and mitogens’***. To compare T-cell activation in DKO and 
Casp8*’~ Rip3 ‘~ littermate controls, we evaluated the sensitivity of 
bulk splenocytes from mock and MCMV-infected mice, to anti-CD3 
and anti-CD28 treatment. In contrast to earlier observations on 
Casp8-deficient T cells'***, this treatment induced a response in 
mock-infected DKO cells and this response was enhanced at 7 days 
post MCMV infection. In fact, the CD8 T cells from DKO mice 
responded with an increased frequency in bifunctional INFy* TNF 
cells (Fig. 4c). Furthermore, DKO mice survived a dose of virus that is 
lethal to immunocompromised scid/scid (also known as Prkdc) mice 
and maintained control over viral replication levels for 30 days, similar 
to Casp8*’~ Rip3 ’~ littermate controls (data not shown). Although 
more characterization is required to understand fully the quality of the 
immune response in DKO mice, T cell receptor-dependent activation 
of naive and enhanced activation of antigen-exposed T cells is clearly 
retained despite the combined disruption of Casp8 and Rip3. 

Fas-deficient (/pr/Ipr) mice are marked by the accumulation in the 
periphery of the CD3° T cells that are B220~ but lack CD4 and CD8; 
these cells have been ascribed to a failure of apoptosis**. DKO mice had 
normal CD4 and CD8 T-cell populations in the thymus (Supplemen- 
tary Fig. 5f), but contained this signature B220* T cell population in 
secondary lymphoid organs (Fig. 4d and Supplementary Fig. 5g). 
Interestingly, conditional deletion of Casp8 in T cells, although result- 
ing in lymphadenopathy, did not result in the emergence of this sig- 
nature phenotype”, indicating that RIP3-dependent necroptosis 
eliminates T cells where Casp8 is absent or non-functional. Thus, Fas 
DR-induced death pathways are essential for immune homeostasis and 
in the absence of both Casp8 and RIP3, excess unusual T cells probably 
accumulate owing to a failure of both apoptosis and necroptosis. 

The data presented here point to RIP3 as the vital target of Casp8 
during mammalian development, with Casp8 functioning during 
embryogenesis to restrict RIP3 rather than to mediate apoptosis. We 
speculate that the RIP3-dependent pathway controlled by Casp8 in the 
vasculature and haematopoietic cells during embryogenesis, as well as 
in other tissues where Casp8 deficiency leads to cell death, is related to 
known necrotic pathways controlled by this kinase. Eliminating this 
RIP3-dependent embryonic death in combination with Casp8-defi- 
ciency results in the accumulation of abnormal T cells as adult animals 
age, but does not lead to defects at other developmental stages. 
Although Casp8 may have other non-apoptotic roles such as influ- 
encing cell motility and proliferation, one of its key roles is its essential 
non-apoptotic function to control RIP3. FADD promotes Casp8 
activation within the death-inducing signalling complex (DISC), a 
process subject to regulation by cFLIP. Deletion of FADD, cFLIP or 
Casp8 in all tissues causes a common pattern of vascular and haema- 
topoietic defects associated with embryonic lethality in mice around 
E10.5 (ref. 1), suggesting the coordinated control of RIP3 by these three 
players during development. The signals controlling activation of 
Casp8 and/or RIP3 during embryogenesis remain to be identified. 
Nevertheless, therapeutic strategies targeting DISC components aimed 
at apoptosis will need to take into account the likely triggering of RIP3- 
dependent pathways. Upon combined elimination of Casp8 and RIP3, 
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Figure 4 | Immune compartment of 16-week-old DKO mice. a, Live cells 
from thymus (top panels), bone marrow (second set of panels), spleen (third set 
of panels) and LN (bottom panels), gated based on forward and side scatter 
properties, and stained for surface expression of CD19, CD3, CD49b, Ly6C and 
CD11b to define non-overlapping leukocyte (CD45*) populations. The 
average and s.d. for three wild-type (left panels), four Casp8*’~ RIP3‘— 
(middle panels) littermate control and three DKO (right panels) mice showing 
levels of inflammatory monocytes (IM), polymorphonuclear leukocytes 


defects in DR-dependent lymphocyte differentiation and homeostasis 
emerge. The discovery that Casp8 suppresses RIP3 pathways and is 
essential for maintenance of the vasculature, haematopoiesis, suppres- 
sion of the innate immune system and T-cell function points to the 
unexpected importance of these pathways in humans and other mam- 
mals. The observation here that Casp8 is a gatekeeper, suppressing 
RIP3 during development in addition to promoting apoptosis 
mediated via death receptors, promises to have broad implications 
in approaches to cancer therapy and regenerative medicine as well 
as during elaboration of the innate and adaptive phases of the immune 
response. 


METHODS SUMMARY 


RIP3’~ (ref. 20) and TRIF mutant (strain C57BL/6J-Ticam1/”7)" mice have 
been described previously. Casp8*’ mice were generated by crossing 
Casps!"*"" (ref. 14) with Rosa-CreER mice” Rip3~/~ and Casp8*’~ mice were 
subsequently intercrossed. Embryos and yolk sacs were harvested from timed 
pregnancies at the indicated day post-coitus. Genotypes were determined by 
PCR from tail-snips or fetal tissue as described. Fatal hepatitis was induced by 
intraperitoneal injection with 12.5 1g of anti-mouse Fas antibody (clone Jo2, BD 
Biosciences). Tissue processing and staining was performed by Emory University 
Division of Animal Resources (EU-DAR). Mice were bred and maintained by EU- 
DAR, where all procedures were approved by the Emory University Institutional 


(PMN), B cells, T cells, NK cells and NKT cells. b, Photograph of the axial LN 
and spleen from representative mice of the indicated genotype. c, Flow 
cytometric analysis of IFNy and TNF on T cells from naive or MCMV- 
infected (7 days) mice following stimulation with CD3/CD28 antibodies. CD8* 
T cells from one representative animal per experimental group are shown. 

d, B220 expression was assessed on CD4 CD8 splenic T cells. Error bars, s.d. 
for three wild-type, four Casp8*’” RIP3 ’~ littermate control and three DKO 
mice. 


Animal Care and Use Committee. Immunoblotting, preparation of protein 
extracts, and immunoprecipitations were as described previously’. Whole-mount 
in situ hybridization was performed as described”, with digoxigenin-labelled 
antisense RNA probes transcribed from linearized RIP3-encoding plasmid (acces- 
sion number BC029210, ATCC) according to the manufacturer’s directions 
(Roche). Yolk sacs were fixed and stained for immunofluorescence microscopy 
by standard methods, and images were acquired on a Carl Zeiss LSM 510 META 
confocal fluorescence microscope. Bone-marrow-derived macrophages were gen- 
erated and viability determined as described previously®. Cells for flow cytometry 
were harvested, processed and stained with indicated antibodies by standard 
methods. Data were acquired using an LSRII flow cytometer (BD Biosciences) 
and analysed with FlowJo software. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Mice. RIP3~’— mice have been described previously”. TRIF mutant (strain 
C57BL/6J-Ticam1'?”)"” mice were from Jackson Laboratory. Casp8 */~ mice were 
generated by crossing Casps"**" (ref. 14) with Rosa-CreER mice”®. Rip3-/~ and 
Casp8*’~ were subsequently intercrossed. PCR genotyping of Casp8 ’~ mice was 
performed with primers 5'-TTGAGAACAAGACCTGGGGACTG and 5’-GG 
ATGTCCAGGAAAAGATTTGTGTC. PCR amplification allele produces a 
750-bp band (wild-type Casp8), or a 200-bp band (Casp*** allele produces). 
Genotyping of Rip3 ’~ mice was performed with the primers 5'-CGCTTT 
AGAAGCCTTCAGGTTGAC, 5'-GCAGGCTCTGGTGACAAGATTCATGG, 
and 5’-CCAGAGGCCACTTGTGTAGCG. PCR produces a 700-bp band (wild- 
type Rip3 allele) or a 450-bp band (Rip3 deletion allele). Mice were bred and 
maintained by Emory University Division of Animal Resources where all proce- 
dures were approved by the Emory University Institutional Animal Care and Use 
Committee. 

Cell culture, plasmids, transfections and transductions. L929 were maintained 
in DMEM containing 4.5g ml’ glucose, 10% FBS (Atlanta Biologicals), 2mM 
L-glutamine, 100 Uml’ penicillin and 100 Uml’ streptomycin (Invitrogen). 
For BMDM culture, pooled bone marrow cells from flushed tibias and femurs 
of indicated animals were differentiated for 5 to 7 days in DMEM containing 20% 
serum and 20% filtered L929 medium containing macrophage colony-stimulating 
factor (M-CSF). Cells were harvested with PBS containing 0.5 mM EDTA, seeded 
at a density of 3 X 10* cells per well in a 96-well plate, and then cultured at least 
18h in DMEM containing 10% FBS before stimulation. Transient transfections 
were performed using Lipofectamine 2000 according to the manufacturer’s pro- 
tocol (Invitrogen). Plasmid encoding an amino-terminal Flag-epitope tagged M36 
was generated by inserting M36 amplified from K181 strain MCMV genomic 
DNA into pQCXIH (Clontech). The pLKO.1 based RIP3 (TRCN0000022535) 
shRNA (5'-CCGGCCTCAGATTCCACATACTTTACTCGAGTAAAGTATGT 
GGAATCTGAGGTTTTT) construct were obtained from Open Biosystems. 
The pLKO.1-Scramble control shRNA (5’-CCTAAGGTTAAGTCGCCCTCG 
CTCGAGCGAGG GCGACTTAACCTTAGG) vector” and all other plasmids 
have been described®’’*°. Lentiviral and retroviral production, infection, and 
selection of transduced cells have all been described previously”. Inhibition of 
Caspase-8 expression in L929 cells employed murine Caspase-8 SMARTpool 
(L043044-00-0005) Dharmacon siRNAs consisting of 5’-GUGAAUGGAACC 
UGGUAUA, 5'-GUCACGGACUUCAGACAAA, 5’-GAAGAUCGAGGAUUA 
UGAA, and 5'-AGAGUUGUCUUUAUGCUAJ, in comparison to OnTarget 
Plus Non-Targeting Pool (D-001810-10) siRNA Control. L929 cells seeded on 
96-well plates were transfected with 4 pmol of siRNA with Lipofectamine 2000 
according to the manufacturer’s protocol. 

Immunoblot and immunoprecipitations. Immunoblotting, preparation of 
protein extracts, and immunoprecipitations were as previously described’’. The 
following antibodies were used in IB analyses: mouse anti-f—actin (clone AC-74; 
Sigma), mouse anti-RIP1 (clone 38; BD Biosciences), rabbit anti-RIP3 (Imgenex), rat 
anti-Caspase-8 (clone 1G12; Axxora), anti-mouse IgG-HRP (Vector Laboratories), 
anti-rabbit IgG-HRP (Vector Laboratories), and anti-rat IgG-HRP (Jackson 
Laboratories). 

Cell viability assays. Viability of L929 cells (5,000 cells per well) or BMDM 
(30,000 cells per well) seeded into 96-well plates was determined 96-h after trans- 
fection of siRNAs, 12h after transfection of plasmids, or as indicated in the text. 
Where indicated, cells were stimulated in the presence of CHX (5 ug ml ') 
(Sigma). Nec-1 and z-VAD-fmk were from Calbiochem and Enzo Life Sciences, 
respectively. Cell viability was determined indirectly by measuring the intracellular 
levels of ATP using the Cell Titer-Glo Luminescent Cell Viability Assay kit 
(Promega) according to the manufacturer’s instructions and was graphed relative 
to control cultures. Luminescence was measured on a Synergy HT Multi- 
Detection Microplate Reader (BioTek). To determine the number of surviving 
GFP positive cells, cells were transfected with pMaxGFP (Amaxa Biosystems) and 
analysed at 48h post-transfection on an LSRII (BD Biosciences) using Flow-Jo 
software (Tree Star). 

In situ hybridization. Whole-mount in situ hybridization was performed as 
described”. Digoxigenin-labelled antisense RNA probes were transcribed from 
linearized RIP3 encoding plasmid (accession number BC029210, ATCC) accord- 
ing to the manufacturer’s directions (Roche). For the hybridization results shown, 
the probe was synthesized from plasmid linearized with BamHI. A second RIP3 in 
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situ hybridization probe revealed a similar pattern of RIP3 expression (data not 
shown). 

Flow cytometry. Single-cell suspensions were prepared from spleen, lymph nodes 
and thymus by mechanical disruption through a metal strainer. Bone marrow cells 
were isolated by flushing femurs with RPMI supplemented with 10% FBS, peni- 
cillin, streptomycin and 501M {-mercaptoethanol. Red blood cells were lysed 
using ammonium chloride solution (0.15 M NH,Cl, 10mM NaHCoO;, and 
1.0mM Na,EDTA in H,O, pH7.4). Cells were resuspended in FACS staining 
buffer (PBS containing 0.2% BSA and 0.09% sodium azide), filtered through 40-pm 
screens and viable cells were enumerated using trypan blue exclusion. In all 
instances 1 X 10° cells were prepared for flow cytometric analysis of surface 
antigens. Cells were incubated with 10% normal rat serum (Pel-Freez) and anti- 
mouse CD16/CD32 (2.4G2; BD Pharmingen) to reduce non-specific antibody 
interactions before incubating with lineage specific antibodies. For T-cell stimu- 
lation with anti-CD3 and anti-CD28 (BD Biosciences), splenocytes were incubated 
for 5h in the presence of GolgiPlug (BD Biosciences) and subsequently evaluated 
for intracellular cytokine production using the Cytofix/Cytoperm kit (BD 
Biosciences) according to manufacturer’s instructions and staining for intracellular 
cytokines IFNy-FITC (clone XMG1.2 from BD) and TNFa-PE-Cy7 (clone MP6- 
XT22 from BD). The antibodies used were: Ly6C FITC (AL-21), B220 FITC (RA3- 
6B2), IgD PE (11-26c), CD19 PerCP-Cy5.5 (1D3), CD25 PerCP-Cy5.5 (PC61.5), 
CD11b APC-Cy7 (M1/70) and CD3 Pacific Blue (500A2), purchased from BD 
Biosciences; CD4 PE (GK1.5) and CD49b APC (DX5) purchased from 
eBioscience; CD62L PE-Cy7 (MEL-14) CD8 APC (53-6.7), and CD44 APC-Cy7 
(IM7) purchased from BioLegend; and CD45 PE-Texas Red (30-F11) and F4/80 
Pacific Orange (BM8) purchased from Invitrogen. Data were acquired using an 
LSRII flow cytometer (BD Biosciences) and analysed with FlowJo software. All 
statistical analyses were unpaired Student’s t-tests using Prism (GraphPad 
Software). 

Immunofluorescence microscopy. Yolk sacs were harvested and fixed for 2h 
using 4% paraformaldehyde (Electron Microscopy Sciences) in PBS. Cells were 
permeabilized for 45 min in 0.25% Triton X-100 (Sigma) in PBS, blocked for 1 h in 
PBS containing 2% goat serum, and incubated 2 h at room temperature with rabbit 
polyclonal RIP3 antibody (Imgenex) along with PECAM Rat IgG2a (clone MEC 
13.3; BD Biosciences) or FITC-conjugated CD41 Rat IgGla (clone MwReg30; BD 
Biosciences) diluted in blocking buffer. Yolk sacs were washed multiple times with 
PBS and then incubated for 1 h at room temperature with Alexa Fluor 488 (or 594) 
goat anti-rabbit/rat antibody and Alexa Fluor 594 (or 488) goat anti-rabbit/rat 
antibody (Invitrogen). 4',6-diamidino-2-phenylindole (DAPI, Sigma) was used as 
a nuclear (DNA) counter stain. Following multiple washes with PBS, cells were 
mounted with Gel Mount (Biomeda). Images were acquired on a Carl-Zeiss LSM 
510 META confocal fluorescence microscope. 

DR-induced hepatitis. Fatal hepatitis was induced by intraperitoneal injection of 
with 12.5 ,1g of anti-mouse Fas antibody (clone Jo2, BD Biosciences) or for 
LPS+GalN induced hepatitis, mice were injected intraperitoneally with 100 ng 
of ultrapure LPS K12 (InvivoGen) in the presence of 20 mg of the liver-specific 
transcriptional inhibitor p-(+)-galactosamine (GalN, SIGMA). The organs 
evaluated for histology were fixed in 10% neutral buffered formalin before paraffin 
embedding, processing and staining for haematoxylin and eosin. Tissue proces- 
sing and staining was performed by Emory University’s Division of Animal 
Resources (DAR). 

MCMV Infections. Mice were inoculated by ip. (intraperitoneal) injection with 
10° plaque-forming units (p.f.u.) salivary-gland-derived v70 strain of MCMV (a gift 
of C. Biron). Salivary gland viral stock was generated by sonicating submaxillary 
glands of 8-week-old BALB/c mice infected with 1 X 10° p.fu. of v70 strain of 
MCMV at 14 days post infection. 

HPC progenitor assay. For yolk sac-derived clonogenic progenitor assays, single 
cell suspensions were prepared from E10.5/E11.5 yolk sacs in 2ml of medium 
(M3434; StemCell Technologies). Cells were grown for 12 days at 37 °C in 5% CO, 
in the absence or presence of 30 1M Nec-1. Colonies were scored by microscopic 
analysis. 
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Functional complementation between FADD and 
RIP1 in embryos and lymphocytes 


Haibing Zhang’, Xiaohui Zhou't, Thomas McQuade’, Jinghe Li', Francis Ka-Ming Chan? & Jianke Zhang’ 


FADD is a common adaptor shared by several death receptors for 
signalling apoptosis through recruitment and activation of caspase 
8 (refs 1-3). Death receptors are essential for immune homeostasis, 
but dispensable during embryogenesis. Surprisingly, Fadd‘~ mice 
die in utero*’ and conditional deletion of FADD leads to impaired 
lymphocyte proliferation®’. How FADD regulates embryogenesis 
and lymphocyte responses has been a long-standing enigma. FADD 
could directly bind to RIP1 (also known as RIPK1), a serine/threo- 
nine kinase that mediates both necrosis and NF-kB activation. Here 
we show that Fadd~’~ embryos contain raised levels of RIP1 and 
exhibit massive necrosis. To investigate a potential in vivo func- 
tional interaction between RIP1 and FADD, null alleles of RIP1 
were crossed into Fadd~’~ mice. Notably, RIP1 deficiency allowed 
normal embryogenesis of Fadd~’~ mice. Conversely, the develop- 
mental defect of Rip1~’~ lymphocytes was partially corrected by 
FADD deletion. Furthermore, RIP1 deficiency fully restored normal 
proliferation in Fadd~’~ T cells but not in Fadd“ B cells. 
Fadd ‘~ Rip1~’~ double-knockout T cells are resistant to death 
induced by Fas or TNF-a and show reduced NF-KB activity. 
Therefore, our data demonstrate an unexpected cell-type-specific 
interplay between FADD and RIP1, which is critical for the regu- 
lation of apoptosis and necrosis during embryogenesis and lympho- 
cyte function. 

Programmed cell death—including apoptosis and necrosis—is a 
fundamental biological process that is essential during embryonic 
development and for homeostasis in somatic tissues. Death receptors 
can signal apoptotic cell death when engaged by their cognate ligands’. 
This extrinsic death pathway requires the adaptor protein FADD, 
which couples the signal generated by death receptors to the apical 
caspase 8 (refs 3, 9, 10). The resulting activation of caspase 8 triggers a 
battery of downstream caspases, leading to apoptosis. Recently, death 
receptors were shown to induce necrosis-like cell death in the presence 
of caspase inhibitors’’'?. Death-receptor-induced necrosis is blocked 
in cells lacking the protein serine/threonine kinases RIP1 and RIP3'**>. 
FADD and RIP1 have indispensable roles in development, as Fadd /~ 
mice die during mid-gestation stages*’, and Rip] ‘~ mice die at birth'®, 
Whereas the developmental defect in Rip1~’~ mice is presumably due 
in part to defective NF-«B activation and increased cell death’’, the 
mechanism that underlies the developmental defect of Fadd ‘~ mice 
has remained elusive. 

Developmental retardation of Fadd ’~ mouse is apparent at embry- 
onic day (E)11.5 to 13.5 (Supplementary Fig. 1a, b). Histological ana- 
lysis revealed extensive necrotic cell death and cell loss in Fadd /~ 
embryos (Fig. 1a). Absence of FADD sensitizes human Jurkat T lym- 
phoma cells to tumour necrosis factor (TNF)-induced necrosis'™. 
Furthermore, Fadd~/~ mouse embryonic fibroblasts (MEFs) were 
hypersensitive to reactive oxygen species (ROS)-induced necrosis’’. 
In contrast, necrosis induced by ROS was blocked in Rip]~’” MEF 
cells. Examination of wild-type E12.5 embryos showed that RIP1 was 
expressed at low levels whereas RIP3 was readily detected in multiple 
tissues including the nervous system, heart and lung (Fig. la and 


Supplementary Fig. 2). Interestingly, RIP1 expression is highly ele- 
vated in Fadd~‘~ embryos (Fig. la). Furthermore, punctate RIP3 
staining was observed in cells of Fadd ’~ embryos, which is indicative 
of RIP3 aggregation and activation”. These results indicate that induc- 
tion of RIP1 expression might have a role in the necrosis observed in 
Fadd ‘~ embryos. 

To investigate a potential in vivo molecular interplay between FADD- 
and RIP 1-mediated signalling, we crossed the Rip1 knockout alleles into 
Fadd ‘~ mice. Notably, Fadd ’ Rip1~’~ double-knockout (DKO) 
embryos were detected at E14.5 at the expected Mendelian frequencies 
(Table 1, Fig. 1b and Supplementary Fig. 1c-f). In sharp contrast to the 
highly deformed E14.5 Fadd ‘~ embryos, E14.5 DKO embryos were 
indistinguishable from wild-type control embryos (Fig. 1b). DKO 
embryos of normal morphology were also found at later gestation stages 
E15.5, E16.5, E17.5 and E18.5 at the expected Mendelian frequencies 
(Supplementary Fig. 1c and Table 1). Importantly, live DKO neonates 
were also detected at birth (Supplementary Fig. 1d). No Fadd ‘~ 
embryos were detected at E15.5 or later stages. Histological examination 
did not reveal obvious defects in Rip1~’” and DKO E18.5 embryos 


Figure 1 | RIP1 deficiency rescues Fadd ’~ mice from embryonic necrosis 
and lethality. a, Fadd/~ embryos exhibit massive necrosis and altered RIP1 
and RIP3 expression. E12.5 wild-type (WT, top panels) or Fadd ’~ embryos 
(bottom panels) were fixed in formalin. Left panels of haematoxylin and eosin 
(H&E) staining show extensive cell loss and pyknotic nuclei in the Fadd’~ 
fetal liver. Middle and right panels indicate staining for RIP1 or RIP3 
(magnification X600). b, E14.5 DKO embryos appear normal, contrasting with 
the defective Fadd ’~ embryos. 
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Table 1 | Genetic analysis of Fadd and Rip1 deficiency in mice 


Genotype Fadd +/+ort/—  +/+ort/-—  -/- —/— Total 
Rip1 +/+ or+/—— -/- +/+ or+/—  —/- 

E14.5-18.5 Actual 102 45 17 14* 178 

embryos Expected 100 33 33 11 

At or after birth 

Day O Actual 26 4 ) i* “31 
Expected 17 6 6 2 

>Day 0 Actual 79 9 ) 6* 104 
Expected 59 20 20 ri 

Timed pregnancy analyses were set up to determine the frequencies of each genotype of offspring from 

intercrosses of Fadd‘’- Rip1*’~ mice. The actual and expected numbers of each or groups of genotypes 

were shown. Neonates were killed and analysed at birth (Day 0) or monitored for survival for up to 6 


months (>Day 0). Asterisks indicate numbers of DKO embryos or neonates. Postnatal Rip1~“~ and DKO 
neonates (>Day 0) died within 4 days after birth. 


(Supplementary Fig. 3). Postnatal monitoring was performed to deter- 
mine the survival of DKO mice. Among the 104 postnatal mice analysed 
(>Day 0, Table 1), 30 died within 4 days after birth, and this group 
contained 6 DKO and 19 Rip1~’~ genotypes. No death was observed 
after postnatal day 4 and DKO mice were not present in the remaining 
74 mice that survived beyond 3 weeks (Table 1). These results demon- 
strate that RIP1 deficiency fully restores embryonic development of 
Fadd’~ mice. However, loss of FADD does not prevent neonatal 
lethality of Rip1~’~ mice. ROS is an important effector mechanism 
for necrotic cell death. Fadd ‘~ MEFs were hypersensitive to ROS- 
induced death (Supplementary Fig. 4a, b). In contrast, Rip1~/” MEFs 
were highly resistant to ROS-induced necrosis'*. Addition of the RIP1- 
specific inhibitor necrostatin 1 (Nec1)’” greatly reduced ROS hyper- 
sensitivity in Fadd ’~ MEFs (Supplementary Fig. 4a, b). Importantly, 
DKO MEFs were resistant to ROS-induced death. Collectively, these 
results indicate that FADD deficiency primes embryonic cells to ROS- 
and RIP1-dependent necrosis, which might cause embryonic lethality. 

Although important at early haematopoietic stages”, FADD has a 
minor role in post-lineage commitment lymphopoiesis*®’”. Although 
Rip1~’~ neonates contain normal thymocyte numbers", Rip1‘~ fetal 
liver cells failed to reconstitute the peripheral T-cell compartment”. 
The rescue of embryonic development in DKO mice prompted us to 
examine whether a similar FADD-RIP1 interaction might regulate 
lymphocyte development. To this end, we adoptively transferred fetal 
liver cells containing haematopoietic progenitor cells into immuno- 
deficient NSG recipient mice. In agreement with previous results”, 
NSG chimaeras reconstituted with Rip1~’~ fetal liver cells contained 
markedly reduced CD4*CD8™" double-positive immature and CD4* 
or CD8° single-positive mature thymocytes (Fig. 2a). In contrast, the 
thymic population profile of DKO fetal liver cell chimaeras was similar 
to that of the wild-type control thymus (Fig. 2a). Reconstitution of 
the peripheral lymphoid compartment by DKO fetal liver cells was 
apparent, as indicated by the spleen sizes of the recipients of DKO fetal 
liver cells, which were similar to the size of the control spleens receiving 
wild-type fetal liver cells (Supplementary Fig. 5a). In contrast, the 
spleen of Rip1 ’~ chimaeras was smaller than that of wild-type or 
DKO chimaeras. Flow cytometric analyses showed that Rip1~’~ 
chimaeras contained few CD3* T cells in the periphery (Fig. 2b and 
Supplementary Fig. 5b, c). In contrast, DKO chimaeras contained 
significantly higher numbers of T cells in the spleen, lymph nodes 
and blood (Fig. 2b and Supplementary 5b, c). Similarly, FADD defi- 
ciency partially rescued Rip1~’~ B-cell development (Supplementary 
Fig. 5c). Rip1 ’~ thymocytes were readily killed by treatments with 
anti-Fas antibodies or TNF (Fig. 2c, d). Interestingly, DKO thymocytes 
were highly resistant to these death stimuli. Although FADD defi- 
ciency fully reversed the hypersensitivity to Fas- and TNF-c-induced 
killing, it only partially corrected the NF-«B activation defect in 
Ripl ‘~ T cells, B cells and MEFs (Fig. 2e-g). These results indicate 
that the partial rescue of lymphocyte development in the DKO chi- 
maeras is due to inhibition of FADD-mediated apoptosis rather than 
rescue of NF-«B activation. 
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Figure 2 | FADD deficiency partially corrects the Rip /~ 

T-cell developmental defect by blocking apoptosis. a, b, Lymphocytes in the 
chimaeras of the indicated genotypes were analysed. c, d, E18.5 fetal thymocytes 
of the indicated genotypes were treated with anti-Fas antibodies (c) or TNF-o 
(d) and death responses determined 12 h after stimulation. Error bars represent 
mean = s.e.m. of triplicates. e-g, T cells (e) and B cells (f) from NSG chimaeras 
of the indicated genotypes were stimulated with anti-CD3 and anti-CD28 
antibodies or with LPS, respectively. MEFs were stimulated with TNF-a 

(g). NF-«B activation is indicated by the induction of p65 phosphorylation (p- 
p65). B-Actin, loading controls. 


Although T-cell-specific deletion of FADD had no effect on thymic 
development, the resulting mature Fadd ‘~ T cells were highly defective 
in T-cell antigen receptor (TCR)-induced proliferation® (Fig. 3a). When 
compared to Fadd~’~ and wild-type controls, DKO T cells stimulated 
through the TCR/CD28 showed a remarkable rescue in their prolifera- 
tive responses (Fig. 3a and Supplementary Table 1a). When transferred 
to hosts with the genes encoding TCR-« and TCR-B deleted (Tcra/ 
b-’~), DKOT cells were functionally competent to expand and produce 
IFN-Y in response to challenge with Pichinde virus (PV) (Fig. 3b) . Acute 
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Figure 3 | RIP1 deficiency rescues the Fadd ’~ T-cell proliferation defect. 
a, T cells of the indicated wild-type and chimaera genotypes were stimulated 
with anti-CD3 and anti-CD28 antibodies. Proliferation was measured by PH]- 
thymidine incorporation (c.p.m., counts per minute). b, Splenocytes of the 
indicated genotypes were transferred into Tcra/b ‘~ hosts and challenged with 
PV. Acute responses of the donor CD8 T cells to the indicated epitopes were 
determined. Anti-CD3 antibodies were used as control. c, B cells of the 
indicated genotypes were stimulated with LPS and proliferation was measured 
as in a. Results shown (a and c) are mean = s.e.m. of triplicates. 


CD8* T-cell responses to the immunodominant epitope NP38 and 
subdominant epitope NP205 were similar between wild-type and 
DKO donor cells (Fig. 3b). Moreover, challenge of wild-type hosts 
adoptively transferred with DKO lymphocytes with lymphocytic 
choriomenigitis virus (LCMV) showed that the DKO T cells could 
generate a productive antiviral response to the immunodominant 
epitope NP396 (Supplementary Fig. 6a). Collectively, these results indi- 
cate that RIP1-dependent necrosis underlies the defective proliferation 
in Fadd ‘~ T cells and that inactivation of RIP1 restores the proliferative 
capacity of Fadd~’~ T cells. 

Although FADD does not have a significant role in B-cell antigen 
receptor (BCR)- or CD40-induced proliferation responses, it is required 
for TLR3 and TLR4 signalling in B cells’. Consistent with these obser- 
vations, wild-type, Ripl ’, Fadd’‘~ and DKO B cells responded 
similarly to stimulation with anti-IgM or anti-CD40 antibodies (Sup- 
plementary Fig. 6b and data not shown). In contrast to the rescue of 
T-cell proliferation, DKO B cells remained defective in proliferative 
responses to the TLR3 and TLR4 agonists poly(I:C) and lipopolysac- 
charide (LPS), respectively (Fig. 3c, Supplementary Fig. 6c and 
Supplementary Table 1b). The differential effect of RIP1 deletion on 
Fadd ‘~ T- and B-cell proliferation was confirmed with the RIP1- 
specific inhibitor Necl (Supplementary Fig. 6d, e). Although caspase 
inhibition did hamper LPS-induced B-cell proliferation (Supplemen- 
tary Fig. 7a, b), RIP1 cleavage, which inactivates the pro-necrotic activity 
of RIP1, was only observed in TCR-treated T cells but not LPS-induced B 
cells or ROS-treated MEFs (Supplementary Fig. 8a—c). Therefore, the 
FADD-RIP1 axis is preferentially required for controlling proliferation 
in T cells, but not in B cells. 


LETTER 


This study demonstrates that absence of RIP1 restores normal 
embryogenesis of Fadd ’~ mice, and that FADD deficiency partially 
corrects the developmental defect in Rip1~’~ T cells. This finding 
provides compelling genetic evidence that a critical in vivo role for 
FADD during embryogenesis is to inhibit RIP1-mediated necrosis. In 
T cells, RIP1 is required to help suppress FADD-mediated apoptosis. 
Interestingly, caspase 8 ‘~ mice showed embryonic and T-cell defects 
similar to that of Fadd~/~ mice*>”'. Moreover, Necl rescued the pro- 
liferative defect of caspase 8’ and Fadd‘~ T cells”???. Hence, FADD 
and caspase 8 probably act in concert to keep RIP 1-mediated necrosis in 
check by cleavage and inactivation of RIP1. Such a regulatory mech- 
anism is crucial to ensure proper embryogenesis and to prevent abortive 
expansion of T cells during immune responses. Our results also reveal 
an unexpected role for RIP1 in keeping FADD-mediated apoptosis at 
bay during T-cell development. This regulation is not entirely depend- 
ent on RIP1-mediated activation of the NF-KB pathways, unlike that 
proposed previously’®*'”. The reduced NF-«B activation had no major 
effecton DKO T-cell proliferations. In addition to lymphocytes, impair- 
ment of the NF-KB pathway is also present in Rip! ’ and DKO MEFs 
and probably other cell types, which might lead to postnatal lethality as 
seen in Rip] ‘~ and DKO mice. In summary, our results reveal a 
complex functional interaction between FADD and RIP1 that is context 
and cell-type dependent. 


METHODS SUMMARY 


Heterozygous Fadd*’~ mutant mice have previously been described‘. Heterozygous 
Rip1*’~ mutant mice'® were provided by M. Kelliher and crossed into Fadd*’~ 
mice. Timed pregnancy was set up with the resulting Fadd‘’ Rip1'’” mouse 
intercrosses. Embryos were isolated and genotyped by PCR using tissue genomic 
DNA templates and confirmed by western blots. Fetal liver cells were isolated from 
E14.5 embryos and adoptively transferred into irradiated (200 rad) NSG (NOD.Cg- 
Prkdc!4 Tlarg™!™"/Sz)) mice purchased from Jackson Laboratory. All animal 
studies were approved by Institutional Animal Care and Use Committees. Ten- 
to-twelve weeks after transfer, cells were isolated from the indicated organs and 
were analysed by flow cytometry. T cells and B cells were purified from the spleen 
and lymph nodes by high-speed sorting and proliferative responses were analysed 
as described previously®”. Fadd~/~ mutant T cells and B cells were isolated by 
sorting from T-cell-specific and B-cell-specific Fadd ‘~ mice as described previ- 
ously*’. Western blotting was performed according to standard protocols. For 
embryonic cell death assays, primary MEFs were prepared following the NIH 
3T3 protocol. Fadd ’~ MEFs were prepared from E8.5 embryos and DKO 
MEFs from E14.5 MEFs. MEF cells were cultured in complete DMEM to 80% 
confluence, and treated with 0.5 mM H,O; with or without Necl (50 uM) for 12h, 
and cell death was determined by propidium iodide staining and flow cytometry. 
Images were taken by using a Nikon inverted light microscope. For virus infec- 
tions, after adoptive transfer of lymphocytes, mice were challenged with 5 x 10* 
p.f£.u. of LCMV or 1 X 10” p.f.u. of PV. Peptide-specific CD8 T-cell responses were 
measured 8 days after infection by intracellular IFN-y staining. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Reagents. Antibodies were purchased from the following vendors: RIP1 (BD 
Pharmingen), RIP3 (ProSci), caspase 8 (Axxora), phospho-p65 (Cell Signaling), 
CD3 (BD Biosciences), CD28 (BD Biosciences), and strepavidin (BD Biosciences). 
Antibodies used in immunophenotyping were purchased from BD Biosciences or 
eBioscience or BioLegend. Rabbit anti-FADD antibodies were generated in house. 
Necrostatin 1 and zVAD-fmk were purchased from Axxora. 

Mouse genetic analysis. Mating of Fadd‘’ Rip1‘’ double heterozygous mice 
was set up in the evening. Female mice were examined in the early morning and 
embryos were designated E0.5 on the day the vaginal plug was detected. E11.5 to 
E18.5 embryos were isolated from pregnant mice and genomic DNA was extracted 
from embryo tissues upon digestion with protease K in an SDS-containing lysis 
buffer. Genotyping was performed by PCR using allele-specific primers. 5'-TGCG 
CCGACACGATCTACTG-3' and 5'-AGCTGTAGGCTTGTCAGGGTGTTTC-3’ 
were used for the detection of the Fadd wild-type allele; 5’-ACTGTAGTGC 
CCAGCAGAGACCAGC-3’ and 5’-CGCTCGGTGTTCGAGGCCACACGC-3’ 
for the Fadd knockout allele; 5'-TGTGTCAAGTCTCCCTGCAG-3’ and 5’-CAC 
GGTCCTTTTGCCCTG-3’ for the Rip1 wild-type allele; and 5’-CTGCTA 
AAGCGCATGCTC-3’ and 5’-CACGGTCCTTTTGCCCTG-3’ for the Rip1 
knockout allele. Presence and absence of the FADD and RIP1 proteins was con- 
firmed by western blotting using anti-FADD and anti-RIP1 (BD Pharmingen) 
antibodies. For postnatal analysis, pregnant females were closely monitored 
around the time of delivery (after 18.5 days post coitum), by checking at least twice 
daily. Neonates were either killed at birth for genotyping or monitored for survival 
for up to 6 months. Dead mice were immediately removed for genotyping. 
Histological analysis and immunohistochemistry. Embryos were fixed in 10% 
buffered formalin overnight. After dehydration in 70% and increasing concentra- 
tions of ethanol, embryos were embedded in paraffin. Embryo sections were pre- 
pared and standard H&E staining performed. Immunohistochemistry was 
performed using anti-RIP1 (H207, Santa Cruz) and anti-RIP3 (ProSci) antibodies 
at 1:200 dilution, followed by incubation with ImmPress anti-rabbit peroxidase 
(Vector Lab). Signals were developed with 3,3’-diaminobenzidine (5 min) and 
Enhancer (DAKO) for 2 min. Sections were then counterstained with haematoxylin. 
Lymphocyte immunophenotyping. Lymphocytes were isolated from spleen, 
thymus, lymphocyte nodes and blood. Red blood cells were lysed using the 
ACK lysis buffer and single-cell suspension was prepared, stained for cell surface 
markers following standard protocols, and data acquisition was performed using a 
Coulter XL cytometer. Flow cytometric data were analysed with the FlowJo soft- 
ware (Treestar). 

Cell death analysis. Thymocytes were isolated from the E18.5 embryos and resus- 
pended in RPMI 1640 medium containing 10% fetal bovine serum and antibiotics. 
Cells were then seeded (1 X 10° per well) into 96-well flat-bottom plates with various 
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concentrations of anti-Fas antibodies (Jo2; BD Pharmingen) or recombinant mouse 
TNF-«, (Biosource/Invitrogen) in the presence of 30 tg ml | cycloheximide (Sigma- 
Aldrich). Cell death was determined by propidium iodide (PI) staining and flow 
cytometry 12-16h after stimulation. 

Lymphocyte activation and western blot analysis. Peripheral T cells and B cells 
were purified from the spleen and lymphoid nodes using EasySep Isolation reagent 
(StemCell Technologies) or high-speed sorting. Purified T cells were stimulated with 
biotinylated anti-CD3 antibodies (10 ug ml ') and anti-CD28 antibodies (2 Lug 
ml ') by crosslinking with streptavidin (10 pg ml‘) for the indicated times at 
37 °C. In some experiments, cells were stimulated with plate-bound anti-CD3 and 
anti-CD28 antibodies. Purified B cells were stimulated with 10 pg ml” LPS for the 
indicated times at 37°C. Where indicated, cells were pre-incubated with 50 11M 
zVAD-fmk or 10 {1M necrostatin 1 before stimulation. Cells were washed once in 
ice-cold PBS and lysed with ice-cold RIPA lysis buffer containing 50 mM Tris-HCl 
(pH 8.0), 150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 1mM 
phenylmethyl sulphonyl fluoride (PMSF) and a protease inhibitor cocktail (Roche). 
Protein was separated on 10% SDS-PAGE then transferred onto nitrocellulose 
membrane, blocked with 5% milk in TBST, incubated overnight at 4 °C with primary 
antibodies. Blots were washed 3 times with TBST and incubated in HRP-conjugated 
second antibody as per the manufacturer’s recommendations. The Western Lighting 
Chemiluminescence Reagent Plus (PerkinElmer) or ThermoScientific West Pico 
chemiluminescence reagents were used to detect signals on X-ray films (Kodak). 
Cell culture and proliferation assays. Purified T cells and B cells were cultured in 
RPMI 1640 (Mediatech) supplemented with 100 U ml’ penicillin, 100 pg ml! 
streptomycin, 1 mM glutamine, 5 uM B-mercaptoethanol (Sigma), and 10% FBS 
(HyClone Laboratories). Cells were cultured at 37 °C in a 5% CO, incubator. B 
cells were cultured with the indicated concentrations of LPS, poly(I:C) (Sigma- 
Aldrich), goat anti-mouse IgM (F(ab’), chain, Jackson ImmunoResearch) for 
48 h. T cells were stimulated with various concentration of plate-bound anti-CD3 
antibodies in 96-well plates in the presence of anti-CD28 (200 ng ml‘) antibodies 
for 48 h. Incorporated [°H]-thymidine was measured using a Wallac beta counter 
(PerkinElmer). To determine cell division, cell proliferation measured by dilution 
of CellTracer Violet dye (Invitrogen) was performed as per the manufacturer’s 
instructions. 

Virus infection. Ten-to-twenty million wild-type or DKO total splenocytes were 
injected via the tail vein into wild-type Ly5.1 congenic hosts. For injection into 
Tcra/b ‘~— hosts, 2X 10° cells were injected. Eighteen hours later, mice were 
infected with 5 x 10* p.fu. of lymphocytic choriomenigitis virus (Armstrong 
strain) or 1 X 10’ p.f.u. of PV (strain AN3739) intraperitoneally. Eight days after 
infection, splenocytes were isolated and stimulated with the indicated viral peptide 
antigens for 5h or anti-CD3 antibody for 4h. Production of IFN-y was examined 
by intracellular FACS staining on an LSRII flow cytometer (BD Biosciences). 
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Chromosomal translocations are critically involved in the molecular 
pathogenesis of B-cell lymphomas, and highly recurrent and specific 
rearrangements have defined distinct molecular subtypes linked to 
unique clinicopathological features'*. In contrast, several well- 
characterized lymphoma entities still lack disease-defining trans- 
location events. To identify novel fusion transcripts resulting from 
translocations, we investigated two Hodgkin lymphoma cell lines by 
whole-transcriptome paired-end sequencing (RNA-seq). Here we 
show a highly expressed gene fusion involving the major histocom- 
patibility complex (MHC) class II transactivator CIITA (MHC2TA) 
in KM-H2 cells. In a subsequent evaluation of 263 B-cell lympho- 
mas, we also demonstrate that genomic CIITA breaks are highly 
recurrent in primary mediastinal B-cell lymphoma (38%) and 
classical Hodgkin lymphoma (cHL) (15%). Furthermore, we find 
that CIITA is a promiscuous partner of various in-frame gene 
fusions, and we report that CIITA gene alterations impact survival 
in primary mediastinal B-cell lymphoma (PMBCL). As functional 
consequences of CIITA gene fusions, we identify downregulation of 
surface HLA class IT expression and overexpression of ligands of the 
receptor molecule programmed cell death 1 (CD274/PDLI and 
CD273/PDL2). These receptor-ligand interactions have been shown 
to impact anti-tumour immune responses in several cancers’, 
whereas decreased MHC class II expression has been linked to 
reduced tumour cell immunogenicity*. Thus, our findings suggest 
that recurrent rearrangements of CIITA may represent a novel 
genetic mechanism underlying tumour-microenvironment interac- 
tions across a spectrum of lymphoid cancers. 

In Hodgkin lymphoma, translocations or chromosomal break- 
points have only rarely been described, whereas in PMBCL no recur- 
rent translocation events have been reported*. Massively parallel, 
paired-end sequencing of expressed transcripts (RNA-seq) provides 
an analytical platform suitable for genome-wide mapping of transloca- 
tion breakpoints, sequence variants and quantitative expression®”’. 
Thus, we used this technology to detect novel gene fusions in the 
two Hodgkin lymphoma cell lines KM-H2 and L428, including 
82.9 million paired-end reads for KM-H2, of which 71.1 million 
mapped to the reference human genome (86%, 3.6 gigabases), and 
61.5 million paired-end reads for L428, of which 55.5 million (90%, 
2.8 gigabases) mapped to the reference genome (Supplementary Fig. 
1). Using a novel gene-fusion discovery method, we obtained 14 dis- 
tinct fusion transcript predictions for KM-H2 and five for L428 
(Supplementary Table 1). Figure 1 shows the fusion prediction with 
the highest read support involving CIITA and an uncharacterized gene 
BX648577 (FLJ27352/hypothetical LOC145788) found in KM-H2. 
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Figure 1 | CIITA-BX648577 gene fusion observed using paired-end 
massively parallel whole transcriptome sequencing. In the upper panel, 468 
mate-pair sequences are shown aligning on either side of the breakpoint 
(pairing CHITA and BX648577). The genomic coordinates of the exon 
boundaries are given. In light blue, the transcribed intronic BX648577 sequence 
is shown as part of a transcript variant resulting from the fusion. In the lower 
panel, 191 split-reads are depicted lying on the breakpoint (in blue: merged 
reference sequence of CIITA and BX648577). The histogram on the right 
describes the absolute frequency of each sequence read spanning the 
breakpoint. 
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Next, we validated three fusion predictions by direct sequencing and 
fluorescence in situ hybridization (FISH): the first involving the genes 
BAT2L1 (chromosome 9q34.13) and MGMT (chromosome 10q26.3) in 
KM-H2 (Supplementary Fig. 2), the second involving the genes 
SLCO3A1 (chromosome 15q26.1) and ELMO1 (chromosome 7p14.1- 
14.2) in L428 (Supplementary Fig. 2), and lastly the previously men- 
tioned CIITA-BX648577 gene fusion (Fig. 2 and Supplementary Fig. 3). 
In all three cases we could confirm the breakpoint sequences as pre- 
dicted. Although all of the identified gene fusions are likely to contribute 
to the specific phenotype of the affected cells, we focused on the CHITA- 
BX648577 fusion transcripts given the known involvement of CITA in 
B-cell immune function and the high read-support. The CITA gene was 
initially studied in patients with bare lymphocyte syndrome, a rare 
autosomal recessive disease, in which CIITA mutations lead to loss of 
MHC class II expression and clinical manifestations due to an immuno- 
deficiency phenotype®. CIITA was found to be the essential transactiva- 
tor of MHC class II expression functioning in a complex of transcription 
factors (REX, NFY, X2BP) that bind to class II MHC promoters”"®. 

Using PCR, the genomic breakpoint coordinates were mapped to 
chr15:53,489,063 and chr16:10,900,305 (NCBI Build 36.1) falling 
within CUTA exon 5 and BX648577 intron 1 (Fig. 2a, b). Two major 
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transcripts of this gene fusion were identified. Sequences of the first 
alternative transcript aligned to exons 1-4 of CIITA (chromosome 16) 
and exon 2 of BX648577 (chromosome 15), whereas the second 
alternative transcript contained an additional sequence of 62 base pairs 
aligning to BX648577 intron 1, which has not been previously anno- 
tated as expressed (Fig. 2c, d). Gene expression analysis demonstrated 
that BX648577 was highly overexpressed in KM-H2 compared with 
other Hodgkin lymphoma cell lines (35.0-fold) and microdissected 
germinal centre B cells (138.3-fold) (Fig. 2e, f). The longer isoform 
has an open reading frame consistent with a predicted 255 amino-acid 
protein containing the amino (N)-terminal MHC class II transactiva- 
tor domains 1-4, an amino-acid sequence originating from the novel 
BX648577 exon and the carboxy (C) terminus of the hypothetical 
BX648577 protein (Fig. 2d and Supplementary Information). 

We next performed immunofluorescence to investigate the cellular 
localization of the fusion protein. We found a strong perinuclear cyto- 
plasmic staining pattern in KM-H2 compared with primary peripheral 
blood B cells in which we observed a predominantly nuclear localization 
of wild-type CIITA (Supplementary Fig. 4). This staining pattern is in 
agreement with loss of a C-terminal nuclear localization sequence’ of 
CIITA in the chimaeric protein. 
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Figure 2 | Molecular 
characterization of the gene fusion 
CUTA-BX648577 in Hodgkin 
lymphoma cell line KM-H2. 
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Using high-resolution single nucleotide polymorphism analysis, we 
found that the rearrangement involving chromosomes 15 and 16 was 
associated with relative genomic imbalances at the breakpoints (Sup- 
plementary Fig. 5). Multicolour-FISH in representative metaphases of 
KM-H2 and interphase-FISH showed complex chromosomal rearrange- 
ments with various marker chromosomes and subclonal variation as 
shown by others for this cell line’? (Supplementary Fig. 6). Locus- 
specific FISH using Fosmid probes for CIITA and BX648577 confirmed 
co-localization of the CHTA and BX648577 gene loci on two derivative 
chromosomes 16, both harbouring insertions of chromosome 15 
material. These complex rearrangements are likely to place the fusion 
gene in a different positional context that might add to the high pro- 
moter activity of CIITA driving expression of the fusion transcripts in 
this cell line. 

To investigate the functional consequence of the CIITA-BX648577 
gene fusion in KM-H2 cells, we generated stable KM-H2 fusion tran- 
script knockdowns by RNA interference. Quantitative reverse tran- 
scriptase PCR (RT-PCR) showed reduction of fusion transcript levels 
by 85%, and western blotting demonstrated a marked reduction in 
CIITA-BX648577 fusion protein compared with non-silencing con- 
trols (Supplementary Fig. 7). As CIITA is an essential transactivator of 
MHC class II expression” and deletion mutants have been described 
that inhibit wild-type CIITA function in vitro’’*, we studied tran- 
scriptional changes of short hairpin RNA (shRNA)-transduced cells 
using gene expression microarrays (Supplementary Table 2). Most 
strikingly, overrepresentation analysis identified genes of the ‘antigen 
presentation pathway’ significantly enriched among the upregulated 
genes (P= 0.03), and flow cytometry confirmed increased surface 
expression of HLA-DR in KM-H2 cells with fusion transcript knock- 
down (Fig. 2g). We also transduced diffuse large B-cell lymphoma 
(DLBCL) cell line SUDHL4 with a lentiviral vector containing the 
full-length coding complementary DNA (cDNA) of the CITA- 
BX648577 fusion (second alternative transcript), which led to decreased 
surface HLA-DR expression (Fig. 2h). These data demonstrate that the 
CIITA-BX648577 fusion suppresses expression of HLA class II genes in 
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KM-H2 and SUDHL4. Diminished expression of HLA class II in B-cell 
lymphomas has been linked to reduced immunogenicity, escape from 
immunosurveillance and inferior survival’*’°. 

To determine if breakpoints within CIITA are recurrent in cases of 
primary Hodgkin lymphoma, we used FISH on tissue microarrays and 
found eight out of 55 cases (15%) rearranged (Supplementary Table 3). 
Representative FISH images of the break-apart assay are shown in Fig. 3, 
demonstrating involvement of all cells of the malignant cell compart- 
ment (Hodgkin Reed-Sternberg cells that carry the CD30 antigen). In 
four of the eight cases we detected an unbalanced rearrangement. 
Because PMBCL shares clinical and biological features with cHL, we 
also studied PMBCL and found 29 (38%) of 77 cases positive for 
break-apart of the CITA locus. Only four out of 131 studied cases 
of DLBCL (3%) showed break-apart of the CIITA locus. Hence, the 
occurrence of CIITA rearrangements in PMBCL and cHL was signifi- 
cantly higher than in DLBCL (P < 0.0001). 

We also studied the correlation of CIITA translocation with clinical 
outcome in 57 patients with PMBCL who were treated with curative 
intent using multi-agent chemotherapy with or without radiotherapy’”. 
The clinical characteristics of this cohort are summarized in Sup- 
plementary Table 4. Presence of a CIITA rearrangement significantly 
correlated with a shorter disease-specific survival (10-year disease- 
specific survival 63.6% compared with 85.0%, P = 0.044) (Fig. 3d). 
Multivariate testing using a Cox regression model including the 
International Prognostic Index'® score and the individual clinical 
prognostic factors showed that the presence of CIITA rearrangement 
had independent prognostic significance (P = 0.013) for decreased 
disease-specific survival together with elevated LDH serum levels 
(P = 0.001) (Supplementary Table 5). 

To determine fusion partners involved in CIITA rearrangements, we 
used 3’ rapid amplification of cDNA ends (RACE) in eight cases of 
PMBCL that were positive for CIITA translocation by FISH. In total, we 
identified five new translocation partners (CD274, CD273, RALGDS, 
RUNDC2A and C16ORF75) (Supplementary Table 6). Precise map- 
ping revealed that the corresponding genomic breakpoints in CITA all 


Figure 3 | FISH on tissue 
microarrays showing recurrent 
CITA break-apart in CHL and 
PMBCL. Representative images are 
shown. a, Design of the break-apart 
assay using bacterial artificial 
chromosome probes RP11-109M19- 
SpG (green signals) plus RP11- 
66H6-SpO (red signals). 

b, Combined immunofluorescence 
for CD30 (red staining) and FISH 
shows CIITA rearrangement in 
Hodgkin Reed-Sternberg cells that 
carry the CD30 antigen. Upper 
image: Hodgkin Reed—Sternberg 
cell-rich area with CIITA break- 
apart, lower images: individual 
Hodgkin Reed-Sternberg cells with 
break-apart. c, PMBCL case with 
CITA break-apart in almost all cells 
represented in the section. Signal 
constellation indicates CHITA 
polyploidy and rearrangement of 
multiple alleles. d, Disease-specific 
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fell within a 1.6-kilobase (kb)-spanning breakpoint cluster region in 
intron 1, indicating a ‘hot spot’ area for chromosomal breaks (Sup- 
plementary Fig. 8). In the case of CD274 (PDL1), CD273 (PDL2) and 
RUNDC2aA, the fusion transcripts merged exon 1 of CIITA with exon 2 
of the respective fusion partners, resulting in open reading frames 
(Supplementary Information). Of note, in both cases with CITA- 
CD273 fusions, mutations to the CIITA start codon were detected 
resulting in translational reading frames beginning at the original 
CD273 start site (Supplementary Information). Overexpression of 
CD274 and CD273 closely linked to copy number gain has been 
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expression of CD274 has been shown to correlate with poor prognosis 
in other cancers”. Furthermore, re-analysis of gene expression profil- 
ing data confirmed overexpression of both genes in over 50% of cases of 
PMBCL (Fig. 4a)*’. Here, we could show by quantitative RT-PCR that 
in all three cases CD274 and CD273 were highly overexpressed (fold 
changes 451, 4,115 and 1,729, respectively) as part of the respective 
CUTA fusions compared with CD77" centroblasts (Fig. 4b). 
Importantly, expression levels markedly exceeded the levels of those 
in cases of PMBCL without translocations. Overall, these results indi- 
cate that substitution of active CIITA promoters” can lead to over- 
expression of partner genes in a B-cell context. 

Next, we sought to study the functional consequences of CD274 and 
CD273 wild-type overexpression. We selected cell line U2940 (ref. 25) 
(consistent with PMBCL features) expressing high levels of both 
CD274 and CD273 messenger RNA (mRNA) and membrane protein 
(Fig. 4b, c). To study the effects of CD274 and CD273 surface expres- 
sion on T-cell activation in particular, we analysed a co-culture system 
in which Jurkat T cells were co-incubated with U2940 cells. First, we 
confirmed that PD-1 expression was induced in Jurkat T cells upon 
T-cell receptor stimulation (Supplementary Fig. 9a). After 4h of co- 
culture, Jurkat T-cell activation, measured by CD69 expression, was 
markedly decreased with increasing admixture of U2940 cells (Fig. 4d). 
In contrast, inhibition of T-cell activation was not observed when 
U2932 and SUDHL4 cells were co-incubated that did not express 
CD274 or CD273 on their surface (Supplementary Fig. 9b). We 
could also show that inhibition of T-cell activation by U2940 cells 
was reversible by incubation with inhibitors against PD-1, CD274 
and CD273, but not against CTLA4 (Fig. 4e). Furthermore, over- 
expression of PD-1 in Jurkat cells further augmented T-cell inhibition, 
indicating dependence on the PD-1 pathway (Supplementary Fig. 9c). 

We also investigated the effects of forced expression of the CIITA- 
CD274 and CIITA-CD273 gene fusions in U2932 cells, which do not 
express wild-type PD-1 ligands on their surface. Ectopic expression of 
the full-length coding cDNA of the fusions in U2932 markedly 
increased surface expression of the respective proteins in transduced 
cells (Fig. 4f) and, similar to U2940, decreased CD69 and interleukin-2 
(IL-2) expression of PD-1-overexpressing Jurkat T cells compared 
with empty vector controls. In summary, these data show that both 
wild-type PD-1 ligand expression and the identified CI/T'A-CD274/ 
CD273 gene fusions negatively regulate Jurkat T-cell activation. 

Taken together, we have discovered breakpoints in the master 
regulator of MHC class II expression CIITA that are novel and highly 


Figure 4 | CD274/CD273 expression on PMBCL cells inhibits T-cell 
activation. a, mRNA overexpression of CD274 and CD273 in molecular 
subtypes of DLBCL including PMBCL. Normalized relative log, ratios are 
shown (Affymetrix gene expression profiling)”. Probeset intensities of CD274 
and CD273 correlate with each other (Pearson coefficient 0.541). b, Fold change 
of CD274 and CD273 mRNA expression in PMBCL compared with germinal 
centre B cells including cases with CIITA-CD274 (*), CITA-CD273 (**) 
fusions and cell line U2940. c, Flow cytometric analysis of CD274/CD273 
expression. Expression levels of CD274 or CD273 (blue histogram) and isotype 
controls (red histogram) are shown. d, Inhibition of T-cell activation by PMBCL 
cells. Dot plots and bar graph show that CD69 expression on Jurkat T cells (CD2 
positive) is increasingly reduced by co-incubation with increasing numbers of 
U2940 cells. e, T-cell inhibition is PD1 dependent. CD274-Fc, CD273-Fc, PD1- 
Fc, CTLA4-Fc or control Ig were added to the co-cultures, respectively, in which 
Jurkat T cells were mixed with U2940 cells. Mean fluorescence intensities (MFI) 
are shown. Each bar is the mean of triplicate cultures, the error bars indicating 
the standard deviation (Student’s t-test, *P < 0.05, **P < 0.01, compared with 
control Ig). f, Forced expression of CIITA-CD274 and CIITA-CD273 fusion 
transcripts in U2932. The top panel shows the surface protein expression in 
transduced cells compared with empty vector control cells. The middle and 
bottom panels show significantly reduced CD69 expression on Jurkat T cells and 
IL-2 levels in the supernatant after admixture of CIITA-CD274 and -CD273 
fusion-expressing U2932 cells. Each bar is the mean of triplicate cultures, the 
error bars indicating the standard deviation (Student’s t-test, *P < 0.05, 

*** P< 0.01, compared with the empty vector control). 
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recurrent in PMBCL. Moreover, the occurrence of CIITA breaks in CHL 
further substantiates the relatedness of cHL and PMBCL’’’*. We 
observed CITA breaks in only 3% of cases of DLBCL, contrasting with 
38% in PMBCL, which highlights the relative specificity of this genetic 
event. In PMBCL, CIITA breaks were significantly correlated with out- 
come, demonstrating the potential clinical importance of these rearrange- 
ments, a finding that will require validation in additional cohorts of 
patients. Consequences of CIITA rearrangements appear to be diverse 
as evidenced by multiple fusion partners, and concomitant chromosomal 
imbalances as described previously in PMBCL. However, functional 
study of the most frequent specific gene fusions suggests that escape from 
immunosurveillance through various mechanisms might play an import- 
ant role in the pathogenesis of these lymphomas. Furthermore, our data 
raise the possibility that deletion of tumour suppressor genes”, over- 
expression of oncogenes resulting from gene fusion, and CIITA loss of 
function might be concurrent consequences of a single genetic event. 


METHODS SUMMARY 


RNA-seq data were generated from the Hodgkin lymphoma cell lines KM-H2 and 
1428 as previously described”, and fusion transcripts were detected using deFuse 
(http://compbio.bccrce.ca). The validation of fusion transcripts was performed by 
FISH and PCR. Protein expression of the CHTA-BX648577 fusion protein was 
detected by western blotting and immunofluorescence. Fusion transcript knock- 
down in KM-H2 cells was performed by lentiviral transduction of a vector expres- 
sing a shRNAmir interfering with BX648577 sequences. Forced expression of the 
CIITA gene fusions was achieved using a lentiviral”? and an inducible retroviral 
vector’. Gene expression in KM-H2 cells was measured using gene expression 
profiling and flow cytometry. Primary paraffin tissue samples of 263 patients with 
B-cell lymphoma were studied using FISH. For eight selected cases of PMBCL with 
CIITA rearrangements, we performed 3’ RACE. Quantitative RT-PCR was per- 
formed to measure expression of CIITA-BX648577 fusion transcripts, CD274 and 
CD273. For in vitro studies we used U2940, U2932 and SUDHL4 cells. We used 
Jurkat T cells for co-culture experiments measuring T-cell activation by CD69 flow 
cytometric analysis and IL-2 enzyme-linked immunosorbent assays (ELISA). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Materials and patient samples. The Hodgkin lymphoma cell lines KM-H2 and 
1428 were selected for whole transcriptome paired-end sequencing (RNA-seq) 
analysis. Both cell lines originated from patients with cHL (Epstein Barr virus 
negative mixed cellularity and nodular sclerosis, respectively). Additionally, CHL 
cell lines L540, L1236, HDLM2 and microdissected germinal centre cells were used 
for comparison of gene expression levels. All cell lines were obtained from the 
German Collection of Microorganisms and Cell Cultures and cultures were grown 
following standard recommendations (http://www.dsmz.de). DNA and RNA were 
extracted using Allprep extraction kits (Qiagen). 

For validation in primary tissue samples, we studied paraffin material from 263 
patients using FISH. All cases were identified through the Lymphoid Cancer 
Database of the British Columbia Cancer Agency including 131 patients with 
DLBCL, 77 with PMBCL and 55 with cHL. Patients with PMBCL were treated 
with CHOP and CHOP-like chemotherapy as previously described’’. Additionally, 
we studied eight cases of PMBCL using RACE. All cases included in this study were 
independently reviewed by two haematopathologists (R.D.G. and P.F.) before ana- 
lysis. Ethical approval for this study was obtained from the University of British 
Columbia - British Columbia Cancer Agency Research Ethics Board. Previously 
published gene expression profiling data of 203 biopsy samples with defined 
molecular subtypes of DLBCL, including PMBCL, were re-analysed”. 

For functional in vitro studies, we used cell line U2940, derived from a DLBCL 

with features consistent with PMBCL”, U2932 (DLBCL, activated B-cell pheno- 
type)*' and SUDHL4 (DLBCL, germinal centre B-cell phenotype)”. Jurkat T cells 
were used for co-culture experiments measuring T-cell activation. 
Whole transcriptome paired-end sequencing (RNA-seq). RNA-seq was per- 
formed as previously described’*””. In brief, double-stranded cDNA was synthesized 
from polyadenylated RNA and sheared. The 190-210 base-pair fraction was iso- 
lated and amplified with ten cycles of PCR using the Illumina Genome Analyser 
paired-end library protocol (Illumina). The resulting libraries were then sequenced 
on an Illumina Genome Analyser II. 

Short read sequences obtained from the Genome Analyser II were mapped to 
the reference human genome (NBCI build 36.1, hg18, http://genome.ucsc.edu/ 
cgi-bin/hgGateway), and spliced (CDNA) and unspliced gene sequences (Ensembl 
version 54) were aligned using the Bowtie algorithm™. Fusion transcript discovery 
was performed using deFuse (http://compbio.bccrc.ca). Briefly, deFuse identifies 
fusion transcripts by clustering discordantly aligning paired-end reads as potential 
evidence of reads that span a fusion breakpoint. Clusters of discordantly aligning 
reads are then used to inform a targeted search for reads split by fusion break- 
points. The results produced by deFuse were further filtered to reduce the number 
of false positives: (1) predictions had to be supported by at least eight reads 
spanning a fusion breakpoint and five reads split by a fusion breakpoint; (2) 
fusions between adjacent genes were removed unless implied in genomic inversion 
or eversion; (3) predictions involving ribosomal proteins or small nuclear ribo- 
somal proteins were removed; (4) the results were filtered against fusion predic- 
tions from 41 ovarian cancer libraries in an attempt to remove systematic technical 
artefacts. After these series of filters were applied, a candidate list of fusions was 
carried forward for further analysis. 

Gene expression levels were determined according to the total coverage of a 
gene, which was defined as the sum of the coverage of each non-redundant exonic 
nucleotide normalized by total mapped nucleotides. 

Gene expression profiling of Hodgkin lymphoma cell lines. RNA-seq data were 
compared with gene expression data of Hodgkin lymphoma cell lines (KM-H2, 
L428, L540, L1236 and HDLM2) and microdissected germinal centre cells (n = 5) 
derived from Affymetrix HG 2.0 Plus gene expression arrays using two-cycle 
labelling reactions according to the standard protocol. For comparison of KM- 
H2 knockdown cultures (see below) we used freely available software (DCHIP, 
http://biosun1.harvard.edu/complab/dchip). Overrepresentation and pathway 
analysis was performed using Ingenuity Pathway Analysis (Ingenuity Systems). 

High-resolution single nucleotide polymorphism analysis. Genome-wide copy 
number analysis was performed using Human SNP 6.0 arrays (Affymetrix) fol- 
lowing the standard protocol and the manufacturer’s instructions. Hybridized 
arrays were washed, stained and scanned using Affymetrix Fluidics Station 450 
and an Affymetrix GeneChip Scanner. The Affymetrix SNP 6.0 data were pro- 
cessed using the R-based aroma.affymetrix package.*° Total copy number was 
estimated according to the CRMA procedure, calibrating for allelic cross talk, 
nucleotide-position probe sequence effects, robust probe summarization and cor- 
rection for fragment length effects. CRMA-normalized data were then compared 
with a reference derived from the HapMap 270 set of arrays downloaded from the 
Affymetrix website. Breakpoints were determined by a modified version of a 
hidden Markov model described before*®. Software (including visualization routines) 
is available as part of the CNA-HMMer package available at http://compbio.bccre.ca. 


Genomic and RT-PCR and FISH. The validation of fusion transcripts was per- 
formed using both genomic and RT-PCR with forward and reverse primer com- 
binations designed within the margins of the paired-end read sequences detected 
by RNA-seq (Supplementary Table 7). Expressed fusion transcript variants were 
cloned into pCR 2.1-TOPO vectors for amplification in chemically competent 
Escherichia coli (TOPO TA cloning kit, Invitrogen). Consensus sequences were 
determined from at least five separate colonies. For further validation by FISH, 
fusion probes were used to confirm gene fusions in interphase and metaphase 
nuclei of KM-H2 and L428. For probe design see Supplementary Fig. 10a-c. For 
detailed cytogenetic characterization of KM-H2, we used multicolour-FISH using 
24Xcyte multi-colour probes (MetaSystems) as previously described” and locus- 
specific FISH using Fosmid probes available from the Children’s Hospital & 
Research Center of Oakland for the gene loci of CIITA (WI2-1388110, 
G248P83694E5) and BX648577 (W12-2329H16, G248P88223D8). 

Lentiviral transductions. RNA interference with the CIITA-BX648577 fusion 
transcript was performed using lentiviral transduction of a vector (pGIPZ- 
sh.FLJ27352, clone V2LHS_212659, Thermo Scientific Open Biosystems) expres- 
sing an shRNA (TGCTGTTGACAGTGAGCGCGACAGCCACCTCACTATC 
AAATAGTGAAGCCACAGATGTATTTGATAGTGAGGTGGCTGTCTTGCC 
TACTGCCTCGGA) that, after processing to mature siRNA, interferes with 
BX648577 exon 2 sequence as part of the CI[TA-BX648577 fusion transcript. A 
vector with a non-interfering shRNA insert (non-silencing control) was used for 
comparison. In brief, the shaRNAmir constructs were co-transfected along with the 
helper and packaging plasmids (pPHDM-G, pHDM-Hgpm2, pHDM-tatlb and 
pRC/CMV-rev1b) into 293T cells by calcium-phosphate-mediated transfection 
(CalPhos Mammalian Transfection kit (Clontech)). Supernatant was collected 
48h and 72h after transfection and concentrated by ultracentrifugation for 2h 
at 60,000g, at 4 °C. The lentiviral particles were resuspended in IMDM and then 
used for transduction of KM-H2 cells. KM-H2 parental cells were transduced by 
adding 8 gm!‘ polybrene, with both pGIPZ-sh.FLJ27352 and non-silencing 
control virus, and green fluorescent protein (GFP)-positive cells were sorted on a 
BD FACSAria cell sorter (BD Biosciences) 3 days after transduction and cultured 
using standard recommendations (http://www.dsmz.de). Purity (GFP positivity) 
was greater 93% for all experiments. Efficiency of RNA interference was evaluated 
by measuring residual expression of the fusion transcript by quantitative RT-PCR 
(see Supplementary Table 7 for primer sequences). Samples were run in triplicate 
on an iQ5 real-time PCR instrument (BioRad) under standard conditions using 
SYBR Green (Applied Biosystems) for detection. Measurements were quantified 
using the AACT method (Pfaffl) and expressed relative to the expression in parental 
(wild type) KM-H2 cells. 

For forced expression of the CIITA-BX648577 gene fusion, we PCR-amplified 

the full-length cDNA from KM-H2 cells, and cloned it into the pGEM-T easy TA 
cloning vector (Promega). The fusion gene was then transferred into the pCAD- 
IRES-GFP lentiviral vector”. An empty vector was used as a negative control. For 
lentivirus production, we co-transfected lentiviral vectors and helper plasmids into 
293T cells, harvested the supernatant and concentrated the lentiviral particles by 
ultracentrifugation (L7-65, Beckman) at 60,000g, 2 h, 4 °C. The resultant concen- 
trated lentiviral suspension was then used to transduce SUDHL4 target cells. Three 
to five days after transduction, we sorted GFP-positive cells, which were used for 
subsequent experiments. 
Western blotting and immunofluorescence. Semi-quantitative measurement of 
fusion protein expression was performed by semi-dry western blotting using a mouse 
monoclonal anti-CIITA primary antibody (7-1H, Santa Cruz Biotechnology) directed 
against the N terminus of CIITA, anda goat anti-mouse IgG-HRP secondary antibody 
(Santa Cruz). An anti-f-actin goat polyclonal antibody (C-11) followed by a donkey 
anti-goat IgG-HRP (both Santa Cruz) served as a control. RNA extraction of cell 
cultures and gene expression profiling using Affymetrix GeneChip HG 133 2.0 plus 
arrays was performed as previously described**. 

KM-H2 cells and primary human B cells (CD20*) were attached to poly-lysine- 
coated slides. To fix the cells, we incubated them with 4% PFA for 10 min at room 
temperature and treated with 0.15% Triton X in PBS for 2 min at room temper- 
ature. After blocking, cells were incubated with an anti-CIITA antibody (clone 
7-1H, Santa Cruz Biotechnology) overnight at 4°C. After washing, cells were 
incubated with Alexa Fluor 594 rabbit anti-mouse IgG (Invitrogen) for 45 min at 
37 °C. After stringent washing, cells were counterstained with DAPI and covered. 
Slides were analysed on a laser confocal microscope (Leica SP5 AOBS). 

FISH on tissue microarrays. Tissue microarrays were constructed using archival, 
formalin-fixed, paraffin-embedded diagnostic biopsy specimens and 0.6-mm 
duplicate cores for DLBCL and PMBCL cases, and 1.5-mm cores for cHL, respec- 
tively. Optimal areas of the biopsies were chosen containing frequent large B or 
Hodgkin Reed-Sternberg cells, respectively. FISH was performed as previously 
described® using in-house bacterial artificial chromosome break-apart and 
fusion probes for the loci of CIITA and BX648577 (Supplementary Fig. 10a). 
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For fluorescence immunophenotyping and interphase cytogenetics as a tool for 
the investigation of neoplasms (FICTION) experiments, we used a primary 
monoclonal mouse CD30 antibodies (Ber-H2, Dako) and Alexa Fluor 594, goat 
anti-mouse (IgG, Invitrogen, Molecular Probes), following a standard protocol as 
previously described“. Commercially available Vysis LSI BCL6 Dual Colour, 
Break Apart Rearrangement probes (Abbott Molecular) were used in selected 
samples. All cases were independently scored by C.S. and S.B.N. For DLBCL 
and PMBCL, cases were recorded as rearranged for a certain locus if break-apart 
occurred in more than 5% of nuclei in three different high-power fields. All other 
signal constellations were regarded as negative. CHL cases were scored positive if at 
least ten cells with a signal split were detected in typically large cells distributed 
across the biopsy core. Unbalanced rearrangements were recorded if unequal 
numbers of red or green signals were seen in most nuclei. 

RACE and quantitative RT-PCR. We used 3’ RACE to identify aberrant tran- 
script variants of CIITA in selected PMBCL samples. Total RNA was extracted 
from eight cases with PMBCL with fresh-frozen lymph node material available 
after mechanical homogenization using Allprep extraction kits (Qiagen). CDNA 
was prepared from 150 ng to 1 pg of total RNA using the SMARTer RACE cDNA 
Amplification Kit (Clontech Laboratories) following the manufacturer’s protocol. 
3’ RACE PCR amplification of the cDNA was performed using gene-specific 
primers for CIITA exon 1 and Universal Primer Mix. Aberrant lengths products 
were gel-purified and sequenced directly or were cloned into pCR 2.1-TOPO 
vectors (TOPO TA cloning kit, Invitrogen) and fully sequenced. Chimaeric 
mRNAs were confirmed by RT-PCR of randomly primed cDNA of the respective 
cases using gene-specific primers. 

Quantitative RT-PCT was performed to measure expression levels of CD274 
and CD273 mRNA using an Applied Biosystems 7900HT real-time PCR system. 
Primers were designed for SYBR Green (Applied Biosystems) detection of both 
wild-type and fusion transcripts for each gene (Supplementary Table 7). RNA was 
extracted from cell line U2940 and seven PMBCL lymph node samples (cell dis- 
aggregates) using Allprep extraction kits (Qiagen). PMBCL cases included one 
with previously identified CIITA-CD274 fusion and two with CIITA-CD273 
fusions. As expression controls, magnetically enriched CD77* cells were used 
(benign tonsillar cell disaggregates) (Miltenyi Biotec) as previously described". 
Flow cytometric analysis and ELISA. U2940, U2932 and SUDHL4 cell pellets 
were washed in 1X PBS with 1% FCS buffer and incubated with antibodies against 
CD69, CD2, CD274, CD273 and PD-1 (all from BD Pharmingen). Jurkat T cells 
were stimulated with anti-CD3 and anti-CD28 antibodies (BD Pharmingen). 
Recombinant human PD-1-Fc, CD274-Fc, CD273-Fc, CTLA4-Fe and control 
IgG (R&D Systems) were used for specific inhibition of surface molecules. KM- 
H2 and SUDHL4 cells were incubated with PE-Cy5-conjugated anti-human HLA- 
DR antibody (Beckman Coulter), and analysed on a BD FACSAria II instrument 
(BD Biosciences). IL-2 levels were measured using the Human IL-2 ELISA Kit 
(R&D Systems, number D2050) according to the manufacturer’s instructions. 
Plates were read at 405 nm using an ELISA reader (Molecular Devices). 
Retroviral transduction. PD-1 cDNA (Invitrogen) was subcloned into an 
pBMN-IRES-EGFP vector, which was modified from the original Moloney LTR 
vector pBMN-IRES-Lyt2 (provided by the G. Nolan laboratory, Stanford 
University) by replacing Lyt2 with EGFP. 

Lipofectamine 2000 (Invitrogen) was used to transfect 293T producer cells with 
a plasmid mixture for gag and pol, a mutant ecotropic env and each particular 
retrovirus. After 2 days, supernatant was passed through a 0.45-1m filter, mixed 
with polybrene (8 pg ml‘) and used for centrifugal transduction of target cells 
expressing the ecotropic retroviral receptor. In some instances a second infection 
was performed, using fresh supernatant collected 3 days after transfection of 
producer cells. 
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U2932 cells were first transduced with a feline endogenous virus expressing 

the ecotropic retroviral receptor. Ecotropic receptor-expressing cells were then 
transduced with a retrovirus expressing the bacterial tetracycline repressor using 
blasiticidin as the selectable marker. Single-cell clones were screened for tetracycline 
repressor expression. An inducible retroviral vector was used to drive expression of 
CIITA-CD274 or CHTA-CD273 fusions (for full-length sequences see Sup- 
plementary Information) under the control of a cytomegalovirus promoter con- 
taining tetracycline repressor binding sites as described previously*®. A mixture of 
CIITA-CD274- or CHTA-CD273-containing plasmid DNA, the mutant ecotropic 
envelope-expressing plasmid pHIT/EA6x3* and gag-pol expressing plasmid 
pHIT60 was used to transfect 293T cells using the Lipofectamine 2000 reagent 
(Invitrogen). Two days after transfection, retrovirus supernatants were collected 
to infect the engineered U2932 cells in the presence of 8 mg ml ' polybrene (Sigma) 
ina single spin infection, and puromycin was used to select for stable integrants over 
6 days. Fusion gene expression was induced by doxycycline (20 ng ml‘) for 2 days 
before flow cytometry analysis and Jurkat T-cell co-culture experiments. For flow 
cytometric analysis of intracellular cleaved poly(ADP-ribose) polymerase (PARP) 
and active caspase 3 in U2932, cells were fixed in PBS containing 2% paraformalde- 
hyde, then permeabilized and co-stained with anti-PARP (BD Pharmingen, clone 
F21-852) and anti-caspase-3 (BD Pharmingen number 51-68655X) antibodies 
diluted in FACS buffer containing 0.25% saponin (Sigma). 
Statistical analysis. Group comparisons were performed using Student’s t-tests 
and y’ analysis. For time-to-event analyses, we used disease-specific survival as the 
primary endpoint. Disease-specific survival was defined as the time from initial 
diagnosis to lymphoma- or treatment-related death. Time to event analyses using 
the Kaplan-Meier method was performed using SPSS version 11.0.0. Multivariate 
analysis was performed using a Cox regression model (forward stepwise) with the 
input variables of age, tumour stage, serum lactate dehydrogenase concentration, 
World Health Organization performance status, number of extranodal sites and 
presence of CIITA rearrangement. 
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In the oviduct, cumulus cells that surround the oocyte release pro- 
gesterone. In human sperm, progesterone stimulates a Ca?* 
increase by anon-genomic mechanism’. The Ca” signal has been 
proposed to control chemotaxis, hyperactivation and acrosomal 
exocytosis of sperm* *. However, the underlying signalling mech- 
anism has remained mysterious. Here we show that progesterone 
activates the sperm-specific, pH-sensitive CatSper Ca”* channel?""". 
We found that both progesterone and alkaline pH stimulate a 
rapid Ca’* influx with almost no latency, incompatible with a 
signalling pathway involving metabotropic receptors and second 
messengers. The Ca** signals evoked by alkaline pH and proges- 
terone are inhibited by the Ca, channel blockers NNC 55-0396 
and mibefradil. Patch-clamp recordings from sperm reveal an 
alkaline-activated current carried by mono- and divalent ions 
that exhibits all the hallmarks of sperm-specific CatSper Ca”* 
channels’*"’. Progesterone substantially enhances the CatSper 
current. The alkaline- and progesterone-activated CatSper current 
is inhibited by both drugs. Our results resolve a long-standing 
controversy over the non-genomic progesterone signalling. In 
human sperm, either the CatSper channel itself or an associated 
protein serves as the non-genomic progesterone receptor. The 
identification of CatSper channel blockers will greatly facilitate 
the study of Ca’* signalling in sperm and help to define further 
the physiological role of progesterone and CatSper. 

Progesterone-evoked Ca’ influx in human sperm does not involve 
classical regulation of transcription by nuclear receptors. Various 
candidate membrane receptors for progesterone have emerged, 
including a novel G-protein-coupled-type progestin receptor (mPR) 
and a single-pass receptor (progesterone-receptor membrane com- 
ponent, PGRMC)”. The pathway downstream of the non-genomic 
progesterone receptor has been proposed to involve cAMP and 
cGMP, protein kinase A and G, Ca”* release from intracellular stores, 
store-operated Ca** channels and cGMP-activated channels'*. 

Here we study progesterone action in human sperm using optical 
and electrophysiological techniques. In sperm loaded with the Ca?* 
indicator Fluo-4, progesterone elicited a change in intracellular Ca** 
concentration ({Ca*~],). The biphasic signal’'* recorded in a plate 
reader consisted of a rapid Ca’* transient followed by a slower, sus- 
tained Ca** elevation (Fig. 1a). The dose-response relation of the 
transient and the sustained components (Fig. 1b) yielded constants 
of half-maximal activation (Kj/2) of 42 + 15nM and 91 + 31 nM (six 
experiments), respectively. 

We tested whether the progesterone-induced Ca’* signal is differ- 
ent in capacitated and non-capacitated sperm. Under the capacitating 
conditions used here, the amplitude and time course of Ca** signals 
were overall unaffected by incubation conditions that promote sperm 
capacitation (Supplementary Fig. 1a). However, under capacitating 
conditions, the K,/. values (10+10nM for the transient and 


24+ 35nM for the sustained component, six experiments) were 
shifted to lower concentrations, indicating that capacitation renders 
sperm more sensitive to progesterone (Supplementary Fig. 1b). 

Signalling involving activation of metabotropic receptors is usually 
characterized by a latency of the cellular response, for example che- 
mosensory Ca*™ signalling in sea urchin sperm or G-protein-coupled 
receptor signalling in vertebrate olfactory neurons'*’. In contrast, 
insect olfactory neurons, which use ionotropic chemoreceptors, 
respond with almost no latency’’. To test whether progesterone acti- 
vates a G-protein-coupled receptor pathway, we recorded Ca”* signals 
using the kinetic stopped-flow technique (Fig. 1c). The progesterone- 
induced Ca*" signals recorded in a plate reader (Fig. 1a, b) and in the 
stopped-flow apparatus (Fig. 1c, d) were similar. The Ca’* response at 
first saturated at about 1 uM and then continued to rise at concentra- 
tions greater than 2 1M (Fig. Ic, d), suggesting that progesterone binds 
to sites of high and low affinity. The K1,2 of the high-affinity site was 
42.3 + 9.3 nM (three experiments) (Fig. 1d). Owing to the poor aqueous 
solubility of progesterone, we could not determine a Kj/2 value for the 
low-affinity site. At all progesterone concentrations, [Ca** ]; rose within 
the time resolution of the stopped-flow apparatus (36 ms) (Fig. le). The 
instantaneous rise of [Ca]; argues for an extracellular action of pro- 
gesterone on a membrane protein, consistent with the observation that 
impermeable progesterone derivatives also stimulate a Ca”* response’®. 

We investigated which signal component rests upon Ca*” entry. 
Sperm were mixed in the stopped-flow apparatus with a Ca” *-free 
medium containing progesterone and different concentrations of the 
Ca?* chelator BAPTA (Fig. 1f): thereby, within milliseconds, a well- 
defined external Ca?* concentration ([Ca**],) is adjusted, which 
prevents depletion of intracellular Ca** stores before progesterone 
stimulation. The amplitude of the transient Ca** signal evoked by 
1 uM progesterone strongly depended on [Ca?*], (Fig. 1f). At 28 nM 
[Ca?*],, even high progesterone concentrations (10 1M) no longer 
produced a Ca** response (Supplementary Fig. 2a). Moreover, at such 
low [Ca’*],, the slow sustained component was also abolished 
(Supplementary Fig. 2b). We conclude that both transient and sus- 
tained Ca’ signals result from Ca’ * entry. Alternatively, the sustained 
component might reflect Ca** release from intracellular stores invol- 
ving inositol trisphosphate (IP3), a mechanism that is also triggered by 
Ca** influx (‘Ca** -induced Ca”* release’)!?!°?°. 

The instantaneous rise of [Ca**]; is difficult to reconcile with a 
mechanism involving metabotropic receptors or the synthesis of 
second messengers. However, progesterone has been reported to 
elevate cAMP levels*?! and cAMP to elevate [Ca”*]; (refs 9, 22). We 
failed to reproduce these results. Progesterone did not elevate cAMP 
levels (Fig. 2a). Moreover, colforsin, which activates all membrane 
adenylyl cyclases”’, did not affect cAMP levels, arguing altogether 
against canonical G-protein-coupled receptor-operated cAMP 
signalling in human sperm. By contrast, HCO; , which stimulates 
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Figure 1 | Progesterone-induced Ca”* signals in human sperm. a, Signals 
measured in a fluorescence plate reader. b, Dose-response relation of the two 
kinetic signal components from a (Kj): first component 33 nM; second 
component 68 nM). ¢, Signals measured in a stopped-flow apparatus. Inset: 
signals recorded for 400 s. d, Dose-response relation of signals from c (Ky,2: 


a soluble adenylyl cyclase”, enhanced cAMP levels by fourfold. 
Isobutylmethylxanthine (IBMX), which inhibits phosphodiesterases, 
increased cAMP levels by 4.9-fold. A combination of HCO3 and 
IBMX augmented cAMP levels by 10.5-fold: that is, beyond values 
reached by each substance alone (Fig. 2a). Importantly, a rise of 
cAMP either by photolysis of caged cAMP or stimulation by 
HCO; did not evoke Ca** increase (Fig. 2b). If anything, HCO; 
caused a small decrease of [Ca*~ ];. In mouse sperm also, HCO; does 
not stimulate a Ca~” response”*, Therefore, cAMP signalling is not 
directly involved in the rapid Ca”* response to progesterone. 

The principal voltage-gated Ca’* channel (Ca,) in epididymal 
mouse and ejaculated human sperm is CatSper’®"', which is activated 
at alkaline intracellular pH (refs 10, 11). We reasoned that CatSper 


Fold increase (sperm) 
Fold increase (HEK cells) 


Figure 2 | Progesterone does not activate a cAMP-signalling pathway. 

a, Changes in total cAMP concentration in human sperm (white) and HEK 293 
cells (grey) evoked by 0.5 mM IBMX, 50 mM bicarbonate, 50 uM colforsin, 
1M progesterone (mean + s.e.m.; number of measurements above the bars, 
from 3 to 26 experiments). At rest, 10° human sperm contain 
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35 nM). Red dots: continuous rise of [Ca?*]; at progesterone concentrations 
greater than 2 |tM. e, First 2 s of Ca" signals. Red lines: linear fit to their initial 
slope. f, Ca”* signals evoked by 1 1M progesterone at different external Ca** 
concentrations [Ca’*], in the stopped-flow apparatus. 


mediates progesterone-induced Ca”* entry. We tested several inhibitors 
of Ca, channels for their ability to suppress progesterone- and alkaline- 
evoked Ca** responses. Only the T-type channel blockers NNC 55-0396 
and mibefradil significantly impaired the progesterone-induced Ca** 
response (Fig. 3a, b). In addition, both compounds significantly 
impaired the alkaline-induced Ca** signals evoked by NH,Cl 
(10 mM) (Fig. 3c-e). However, we emphasize that, in Ca?* fluorimetry, 
the pharmacology of these drugs is complex: at concentrations greater 
than 10 UM NNC 55-0396 and greater than 40 UM mibefradil, the drugs 
evoked Ca** responses themselves (Supplementary Fig. 3a, b). This 
prevented us testing whether higher drug concentrations completely 
inhibited the progesterone- and alkaline-evoked Ca”* signals. Pro- 
gesterone does not stimulate Ca”* entry by alkalization; in contrast to 
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0.087 + 0.002 pmol cAMP (mean = s.e.m., 290 measurements from 26 
experiments), corresponding to approximately 2.5 uM cAMP (sperm volume 
~ 35 fl). b, Ca*™ signals produced by photolysis of DEACM-cAMP and 
BECMCM-cAMP, and by bicarbonate and progesterone. Experiments were 
done in a stopped-flow apparatus. 
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Figure 3 | Pharmacology of progesterone-induced Ca’* signals. a, Relative 
inhibition of progesterone-evoked (2 |1M) Ca’* signals by Ca, channel blockers 
(three to five experiments, inhibitor concentrations in 1M). b, Progesterone- 
evoked Ca”* signals are inhibited by NNC 55-0396 or mibefradil. c, NH,Cl- 
evoked Ca’* signals. d, NH4Cl responses are inhibited by NNC 55-0396 or 
mibefradil. e, Relative inhibition of NH,Cl-induced Ca’* signals by NNC 55- 


NH,Cl, progesterone (2M) did not change pH; (Fig. 3f). Taken 
together, these results suggest that progesterone activates CatSper. 

Prostaglandin E1 (PGE1) and progesterone produce similar biphasic 
Ca’* signals”> (Figs 1a and 3g and Supplementary Fig. 4). The phar- 
macology of the PGE1 response is incompatible with known prosta- 
noid receptors”®. The PGE1-induced Ca*™ signal is also suppressed by 
NNC 55-0396 and mibefradil, indicating that PGE1 also activates 
CatSper (Fig. 3g, h). Sequential application of 17-OH-progesterone 
and progesterone, but not of PGE] and progesterone”, leads to 
cross-desensitization (Supplementary Fig. 4), suggesting that proges- 
terone and PGE] use distinct binding sites or signalling mechanisms. 

We studied membrane currents in mature non-capacitated sperm by 
whole-cell patch-clamp recordings. In standard extracellular solution 
containing Ca** and Mg”, steps in membrane voltage V from 0 mV 
to + 80 mV produced hardly any currents’? (Fig. 4a). When switching 
to divalent-free solution (NaDVF + 0 Prog; Fig. 4a), monovalent cur- 
rents carried by CatSper channels appeared’®"’. Progesterone evoked a 
dose-dependent increase of monovalent current (Fig. 4a) with a Ky, of 
66 + 19nM (five experiments) (Fig. 4b). Mean inward currents at 
—80 mV were —59.4 + 26.8 pA, range —30.3 to — 102.9 pA (0 proges- 
terone) and —180.8 + 73.5pA, range —126.9 to —264.5pA (10 LM 
progesterone). Remarkably, the reversal potential (V,.y) of the mono- 
valent current (35 + 5 mV; five experiments) did not change during 
progesterone stimulation (Fig. 4c), indicating that V,., of progesterone- 
induced and CatSper currents is similar. RU486, an antagonist for 
nuclear progesterone receptors, did not inhibit the progesterone- 
induced currents (Supplementary Fig. 5). Stimulation with NH,Cl 
(10 mM), or progesterone (11M), or both, potentiated monovalent 
currents, again with no change in V,,., (Fig. 4d). Moreover, PGE] also 
activated a monovalent current with a V,.y similar to that of CatSper 
currents (Supplementary Fig. 6a). Most importantly, mibefradil 
(30 uM) completely blocked the monovalent current activated by 
NH,Cl, progesterone (Fig. 4d) and PGE1 (Supplementary Fig. 6b). 
This suggests that progesterone- and PGEl-induced currents are 
carried by CatSper. 
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0396 or mibefradil (four experiments). f, NH4Cl-evoked changes in pH. 
Progesterone did not change pH;j. g, PGE1-evoked Ca”* signals inhibited by 
NNC 55-0396 or mibefradil. h, Relative inhibition of PEG1-evoked Ca?* 
signals by NNC 55-0396 and mibefradil (four experiments). Experiments were 
done in a fluorescence plate reader; data are given as mean = s.d. 


Under physiological conditions, CatSper primarily carries divalent 
currents. Therefore, we studied the voltage dependence, pH sensitivity 
and pharmacology of Ba’ ~ tail currents elicited after repolarization from 
various test voltages (Fig. 4e, g). At pH; 6, almost all CatSper channels are 
closed. At pH; 6, progesterone (1 1M) or NH,Cl (10 mM), however, 
induced sizeable Ba*~ tail currents (Fig. 4e). Simultaneous application 
of NH,Cl and progesterone enhanced tail currents in a non-additive 
manner (Fig. 4e): the current stimulated by progesterone/NH4Cl was 
three times larger (2.96 + 0.7; five experiments at +70mV) than the 
superposition of currents produced by each substance alone. Alkaliza- 
tion and progesterone shifted the activation curve to less positive vol- 
tages (Fig. 4f). The voltage shift evoked by progesterone/NH4Cl was 
larger than that caused by progesterone or NH4Cl alone (Fig. 4f). At 
pH; 8, a significant fraction of CatSper channels was activated (Fig. 4g, 
h); and progesterone (1 }1M) further enhanced the Ba*~ tail currents 
(Fig. 4g, h). NNC 55-0396 (10 LM) inhibited these tail currents (Fig. 4h). 
In summary, the similar V,,.,, the non-additive action of pH; and pro- 
gesterone, and the blockage by NNC 55-0396 and mibefradil demon- 
strate that alkaline pH;, progesterone and PGE1 activate CatSper. We 
recorded progesterone-evoked CatSper currents using pipette solutions 
without ATP and GTP, arguing against an activation mechanism invol- 
ving second messengers, phosphorylation or G proteins. 

Here we show that, in human sperm, progesterone activates CatSper 
either by binding to the channel itself or to an associated protein. Based 
on electrophysiological analysis of progesterone-induced currents in 
sperm and isolated flagella, Lishko et al.*° come to a similar conclusion. 
In mice, CatSper controls hyperactivation, a mode of sperm motility 
required for fertilization. Considering the function of progesterone as a 
chemoattractant®*, we suggest that CatSper serves in human sperm as 
a Ca** channel for both hyperactivation and chemotaxis. CatSper 
channels are also expressed in other mammalian species. Rabbit, 
human and bovine follicular factors display chemotactic activity across 
species, arguing that mammals use a common or similar chemoattrac- 
tant”. Further studies are required to examine whether other mam- 
mals also use progesterone as a chemoattractant and whether in these 
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Figure 4 | Electrophysiological characterization of whole-cell CatSper 
currents from human sperm cells. a, Control currents in standard 
extracellular solution (HS) and monovalent currents in divalent-free Na’ - 
based bath solution (NaDVB), in the absence of intracellular divalent ions. 
Currents were recorded at pH; 7.3 after extracellular addition of different 
progesterone concentrations. Voltage was stepped from —80 mV to +80 mV in 
increments of 10 mV. b, Dose-response relation of the mean current at 

—60 mV (Kj,2: 66 + 19 nM, Hill coefficient 1 + 0.2; mean = s.d of five 
experiments). c, Current-voltage relation of monovalent currents at different 
extracellular progesterone concentrations. d, Activation of monovalent 
CatSper currents at pH; 7.3 by 1 1M extracellular progesterone, or intracellular 


species progesterone also activates CatSper. However, at least in mice, 
progesterone does not activate CatSper (Lishko et al.*°). Moreover, 
many substances as diverse as odorants and prostaglandins evoke 
Ca’* responses in human sperm?*”>*, and several chemicals or factors 
have been proposed to attract sperm***. Chemotaxis in the female 
genital tract might be a multistep process that involves distinct che- 
moattractants and even thermotaxis*. Future work needs to show 
whether other substances that activate CatSper serve as chemoattrac- 
tants, and whether substances that reportedly display chemotactic 
activity also open CatSper. 

We propose that CatSper represents a ligand-gated Ca** channel 
that can be activated by lipophilic compounds. However, the binding 
site for progesterone has yet to be determined. We cannot exclude the 
possibility that progesterone binds to proteins such as the mPRs and/ 
or PGRMCs that might associate with CatSper and convey the binding 
event to the channel. Such a mechanism, where distinct proteins form 
a receptor/channel complex, exists in insect olfactory neurons’””**?, 
Alternatively, the accessory subunits CatSper-B or CatSper-G might 
host the binding site. The availability of CatSper blockers provides a 
powerful tool to establish unequivocally progesterone as a chemoat- 
tractant and CatSper as a chemotaxis transduction channel, but also to 
interfere pharmacologically with fertilization. 


METHODS SUMMARY 

Sperm preparation. Sperm were purified by a ‘swim-up’ procedure in human 
tubular fluid (HTE) medium. Sperm were washed and resuspended in HTF* * con- 
taining 4mM NaHCO; and 3 mg ml | human serum albumin (Irvine Scientific). 
Before experiments, sperm were incubated for at least 1h in HTF' * at 37 °C. Under 
these conditions, the sperm are non-capacitated. For capacitation, sperm were incu- 
bated in 25mM NaHCO; and 3mgml!~' human serum albumin for at least 2 h. 
Unless otherwise specified, experiments were done with non-capacitated sperm. 
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alkalization with 10 mM NH,Cl, or both. Currents were completely blocked by 
301M mibefradil. e, Ba’ tail currents at —80 mV after voltage steps from 
—80 mV to +100 mV in increments of 10 mV at pH; 6. The red box in the 
voltage protocol indicates the part of the current traces shown. f, Ba’* tail 
currents at pH; 6; mean + s.d. of four or five experiments; currents were 
normalized to the interpolated maximum current evoked by simultaneous 
application of progesterone and NH,Cl. g, Ba’ * tail currents at —80 mV after 
voltage steps from —80 mV to +100 mV in increments of 10 mV at pH; 8. Same 
protocol used as in e. h, Ba?* tail currents at pH, 8; mean + s.d. of two to six 
experiments; currents were normalized to the interpolated maximum current 
evoked by 1 [tM progesterone. 


Measurement of changes in intracellular Ca”* and pH. Changes in [Ca**]; and 
pH; were measured in sperm loaded with Fluo-4 and BCECF (Molecular Probes), 
respectively, in 384 multi-well plates in a fluorescence plate reader (Fluostar 
Omega, BMG Labtech) at 29 °C and in a rapid-mixing device in the stopped-flow 
mode (SFM400, Bio-Logic) at 37°C. After loading, sperm were washed and re- 
suspended in HTE* containing 4mM NaHCO; but no serum albumin, unless 
otherwise specified. Ligands or inhibitors were dissolved in HTF* as well. 
Caged compounds and photolysis. We used the caged cyclic nucleotides 
BECMCM-caged cAMP and DEACM-caged cAMP. The caged compound was 
photolysed by an ultraviolet flash from a xenon flash lamp (DP-10, Rapp 
OptoElectronic). 

Determination of cAMP content. Sperm in HTE** were mixed 1:1 (v/v) with 
substances dissolved in HTF* *. The cAMP content was determined by radio- 
immunoassays (1?°L-labelled cAMP; IBL). 

Patch-clamp recordings. We recorded from sperm in the whole-cell configura- 
tion. Seals between pipette and spermatozoa were formed either at the cytoplasmic 
droplet or in the neck region in standard extracellular solution (HS) containing 
divalent cations. Monovalent currents were recorded in a sodium-based divalent- 
free solution (NaDVF). Bath solutions for recording divalent CatSper currents 
contained 50mM Ba’". Different pipette solutions were used depending on 
whether monovalent or divalent currents were recorded. 

Data analysis. Data are given as mean + s.d. (number of experiments) if not 
otherwise stated. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Sperm preparation. Human semen samples were obtained from healthy volunteers 
with their consent. Fresh ejaculates were allowed to liquefy at room temperature for 
30-60 min. Sperm were purified by a ‘swim-up’ procedure. Liquefied semen 
(0.5-1 ml) was layered in a 50-ml falcon tube below 4 ml of HTF medium containing 
(in mM) 97.8 NaCl, 4.69 KCl, 0.2 MgSOu, 0.37 KH2POx, 2.04 CaCh, 0.33 sodium 
pyruvate, 21.4 sodium lactate, 2.78 glucose, and 21 HEPES, adjusted to pH 7.3-7.4 
with NaOH. Motile sperm were allowed to swim-up into the HTF layer for 
60-90 min at 37°C and washed two times (700g, 20min, room temperature 
(approximately 22 °C)). For cAMP determination, ‘swim-up’ sperm from several 
donors were pooled. For cAMP determination, samples were washed three times. 
The three washing steps are necessary to remove from seminal fluid an unknown 
factor that interferes with the cAMP assay and produces artificially high cAMP 
levels. Sperm number was determined in a Neubauer cell counter. Washed sperm 
were re-suspended in HTF* * containing 4mM NaHCO; and 3mg ml‘ human 
serum albumin (Irvine Scientific) at a density of 2 x 10’ ml~!, unless otherwise 
specified. Capacitation was assessed using the FITC-CD46 assay, which probes 
the complete acrosome reaction induced by a Ca** ionophore. 

Measurement of changes in intracellular Ca** and pH. Changes in [Ca”"]; and 
pH; were measured in sperm loaded with Fluo-4 and BCECF (Molecular Probes), 
respectively, in 384 multi-well plates in a fluorescence plate reader (Fluostar 
Omega, BMG Labtech) at 29 °C and in a rapid-mixing device in the stopped-flow 
mode (SFM400, Bio-Logic) at 37 °C. Sperm were loaded with the fluorescent Ca?t 
indicator Fluo-4 AM (10M) in the presence of Pluronic F-127 (0.05% v/v) at 
37 °C for 45 min (ref. 31). To measure pH; changes in the plate reader, sperm were 
loaded for 15-20 min with the fluorescent pH indicator BCECF (10 uM). After 
incubation, excess dye was removed by two centrifugation steps (700g, 10 min, 
room temperature (approximately 22°C)). The pellet was re-suspended in the 
same volume of HTF containing 4mM NaHCO; but no human serum albumin 
(HTF*) and equilibrated for 5min at 37°C. Each well was filled with 27 pl 
(1 X 10’ sperm ml~') or 541 (5 X 10° sperm ml!) of the sperm suspension; 
the fluorescence was excited at 480 nm (Fluo-4) or alternating at 440 nm and 
480nm (BCECF, dual excitation). Fluorescence emission was recorded at 
520 nm with bottom optics. Fluorescence was recorded before and after injection 
of 27 ul (1:1 dilution) or 6 yl (1:10 dilution) of solutions containing ligands, inhi- 
bitors or HTF*. The solutions were injected into the wells manually with an 
electronic multichannel pipette. 

In the stopped-flow device, the sperm suspension was rapidly mixed (1:1 v/v; 
flow rate 1mls~') with HTF™ solutions containing different concentrations of 
ligand or other substances. At this flow rate, no physical damage of sperm was 
detected and their swimming behaviour appeared normal. Fluorescence excitation 
and recording were as described”'. 
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Caged compounds and photolysis. The following caged cyclic nucleotides were 
used: BECMCM-caged cAMP and DEACM-caged cAMP!*"*. Sperm were loaded 
with 30 uM caged cyclic nucleotides for 30-45 min in the presence of Fluo-4 AM 
and Pluronic F-127. The ultraviolet flash was delivered to the cuvette by a liquid 
light guide and passed through a 295-395 (1mm) band-pass filter (Rapp 
OptoElectronic). 

Determination of cAMP content. The sperm suspension (1.25 X 10° cells) was 
mixed 1:1 (v/v) with different substances in HTF* *. The final concentration of 
substances was as follows (in mM): 50 HCO3_, 0.5 IBMX; (in uM): 50 colforsin, 1 
progesterone. The final concentration of solvent (0.5% DMSO) did not affect the 
resting cAMP level. After stimulation for 5s to 25 min at 37 °C, the reaction was 
quenched with HCI1O, (1:3 (v/v); 0.5 M final concentration). Samples were neutra- 
lized by KPO, (0.24 M final concentration). The salt precipitate and cell debris were 
sedimented by centrifugation (15 min, 15,000g, 4°C). The cAMP content in the 
supernatant (200 pl) was determined by radioimmunoassay that included an acet- 
ylation step for higher sensitivity ('7°I-labelled cAMP; IBL). Calibration curves were 
obtained by serial dilutions of cAMP standards. The basal cAMP concentration was 
constant for up to 3h. The cAMP increase produced by IBMX was largely identical 
for stimulation periods between 15 s and 300 s; pre-incubation of sperm with IBMX 
was for 2 min. 

Patch-clamp recordings. We recorded from sperm in the whole-cell configuration. 
Seals between pipette and spermatozoa were formed either at the cytoplasmic droplet 
or in the neck region in standard extracellular solution (HS) containing (in mM) 135 
NaCl, 5 KCI, 1 MgSO,, 1 CaCl, 5 glucose, 1 sodium pyruvate, 10 lactic acid, 20 
HEPES (pH 7.4 was adjusted with NaOH). Voltage pulses of 500-650 mV for 0.5 ms 
combined with light suction achieved transition into the whole-cell mode. 
Monovalent currents were recorded in divalent-free solution (NaDVF) (inmM): 
140 NaCl, 40 HEPES and 1 EGTA (pH 7.4 was adjusted with NaOH); the pipette 
(10-15 MQ) solution contained (in mM) 121 Cs-methanesulphonate, 65 HEPES, 4.5 
EGTA, 4.5 CsCl (pH 7.3 was adjusted with CsOH); up to 20 mM glucose were added 
to the pipette solution to balance osmolarity. Pipette (15-25 MQ) solution for 
recording of divalent currents contained (inmM) 165 N-methyl-p-glucamine 
(NMDG), 5 CsCl, 10 ethylene glycol tetraacetic acid (EGTA) and 10 MES or 
HEPES (pH 6.0 or pH 8.0 was adjusted with methanesulphonic acid (CH3SO3H)). 
Bath solution for recordings of divalent CatSper currents contained (inmM) 50 
Ba(OH) , 90 NMDG, 20 HEPES (pH 7.4 was adjusted with methanesulphonic acid). 
NH,Cl, progesterone, PGE1, NNC 55-0396 and mibefradil were added as indicated. 
Experiments were performed at 24 °C. 

Data analysis. Data are given as mean + s.d. (number of experiments) if not 
otherwise stated. 


31. Kilic, F. et al. Caged progesterone: a new tool for studying rapid nongenomic 
actions of progesterone. J. Am. Chem. Soc. 131, 4027-4030 (2009). 
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Progesterone activates the principal Ca** channel of 


human sperm 


Polina V. Lishko', Inna L. Botchkina! & Yuriy Kirichok' 


Steroid hormone progesterone released by cumulus cells surround- 
ing the egg is a potent stimulator of human spermatozoa. It attracts 
spermatozoa towards the egg and helps them penetrate the egg’s pro- 
tective vestments'. Progesterone induces Ca”* influx into spermato- 
zoa' and triggers multiple Ca”* -dependent physiological responses 
essential for successful fertilization, such as sperm hyperactivation, 
acrosome reaction and chemotaxis towards the egg**. As an ovarian 
hormone, progesterone acts by regulating gene expression through a 
well-characterized progesterone nuclear receptor®. However, the effect 
of progesterone upon transcriptionally silent spermatozoa remains 
unexplained and is believed to be mediated by a specialized, non- 
genomic membrane progesterone receptor®”®. The identity of this 
non-genomic progesterone receptor and the mechanism by which it 
causes Ca’* entry remain fundamental unresolved questions in 
human reproduction. Here we elucidate the mechanism of the non- 
genomic action of progesterone on human spermatozoa by identify- 
ing the Ca** channel activated by progesterone. By applying the 
patch-clamp technique to mature human spermatozoa, we found that 
nanomolar concentrations of progesterone dramatically potentiate 
CatSper, a pH-dependent Ca”* channel of the sperm flagellum. We 
demonstrate that human CatSper is synergistically activated by 
elevation of intracellular pH and extracellular progesterone. 
Interestingly, human CatSper can be further potentiated by prosta- 
glandins, but apparently through a binding site other than that of 
progesterone. Because our experimental conditions did not support 
second messenger signalling, CatSper or a directly associated protein 
serves as the elusive non-genomic progesterone receptor of sperm. 
Given that the CatSper-associated progesterone receptor is sperm 
specific and structurally different from the genomic progesterone 
receptor, it represents a promising target for the development of a 
new class of non-hormonal contraceptives. 

CatSper is a sperm-specific Ca** channel located in the principal 
piece of the flagellum''’*. Weakly voltage-dependent, pH-sensitive 
CatSper is the only constitutively active Ca** conductance present in 
mouse and human spermatozoa as recorded using the whole-cell patch- 
clamp technique’. Ca?* influx through CatSper triggers sperm 
hyperactivation, a special high-amplitude asymmetrical flagellar beat 
required for penetration through viscous luminal fluids of the female 
reproductive tract and protective vestments of the egg'*""®. CatSper is 
also ideally positioned to control sperm chemotaxis, because “chemo- 
tactic turns’ that guide spermatozoa towards the egg depend on asym- 
metrical flagellar motion triggered by Ca** influx into the flagellum”. 
Furthermore, CatSper-mediated Ca** influx into the flagellum leads to 
Ca’* elevation even in the sperm head’ (probably by causing Ca? *- 
dependent Ca’* release from the intracellular store located in the sperm 
neck'’) and thus can contribute to Ca**-dependent acrosome reac- 
tion”®, Because CatSper may cause all three Ca**-dependent responses 
triggered by progesterone (hyperactivation, chemotaxis and acrosome 
reaction), we tested the hypothesis that progesterone activates CatSper 
using the recently developed method for patch-clamping completely 
mature ejaculated human spermatozoa’’. 


Under normal physiological conditions, mouse and human CatSper 
channels are Ca*" selective, but pass monovalent ions (Cs* or Na‘) 
under divalent-free conditions'*’*. Because monovalent CatSper 
currents are significantly larger, we studied CatSper currents under 
divalent-free conditions. The monovalent human CatSper current 
(Icatsper) Was overall smaller (Fig. la, blue) than mouse Icatsper 
(Fig. 1c, blue), especially at negative membrane potentials (inward cur- 
rent). The virtual absence of human Icatsper at the negative potentials 
normally found across the sperm plasma membrane was puzzling. 
Interestingly, addition of 500nM progesterone to the bath solution 
dramatically increased the amplitude of human monovalent Icatsper 
(Fig. 1a, red). Mouse monovalent Icatsper did not increase after addition 
of 500 nM progesterone (Fig. 1c, red) or 10 1M progesterone (Sup- 
plementary Fig. 1). 

Similar results were obtained with divalent Icatsper. At intracellular 
pH 7.0, human Ba*~ Icatsper Was very small but increased dramatically 
after addition of 500nM progesterone (Supplementary Fig. 2a). In 
contrast, mouse Ba** Icatsper Was easily detected at intracellular pH 
7.0 and was not affected by progesterone (Supplementary Fig. 2b). 

After potentiation with P, the amplitude of human Icatsper remained 
stable. The potentiation was reversible and could be reproduced again 
on the same cell (Supplementary Fig. 3). Another major ovarian steroid 
hormone, oestradiol (17-B-oestradiol)*"®, did not affect human 
CatSper (Supplementary Fig. 4). 

We next conducted a series of experiments to confirm that the 
progesterone-activated current is indeed mediated by CatSper. 
Triturating human spermatozoa with a micropipette leads to the sepa- 
ration of a few spermatozoa into the head and the flagellum (contain- 
ing midpiece and principal piece) at the neck region. Patch-clamp 
recording from isolated flagella detected monovalent CatSper currents 
that were strongly potentiated by progesterone and were indistinguish- 
able from those recorded from whole human spermatozoa (Fig. 1b, 
compare with Fig. la). Mean amplitudes of currents recorded from 
whole human spermatozoa before and after stimulation with proges- 
terone also closely matched those recorded from flagella (Fig. 2a), 
suggesting that similar to CatSper, the progesterone-activated conduc- 
tance originates from the sperm flagellum. 

Next, we discovered that human Icatsper is potently blocked by an 
inhibitor of T-type voltage-gated Ca** channels, NNC55-0396 (ref. 21) 
(NNC, Fig. 2b, left panel), and tested whether NNC also inhibits the 
progesterone-activated current. Indeed, 2 uM NNC completely inhi- 
bited the whole-cell current in the presence of progesterone (Fig. 2b, 
right panel), confirming that the progesterone-activated current is 
carried by CatSper. Interestingly, because just 2 4M NNC completely 
suppressed human Icatsper we estimate that the affinity of NNC to 
CatSper is at least ten times greater than that to T-type voltage-gated 
Ca?* channels (half-maximum inhibitory concentration (ICs9) ~ 7 LM 
for T-type channels)”. NNC blocked mouse CatSper in a similar range 
of concentrations (Supplementary Fig. 5). Furthermore, the Cs* TcatSper 
was blocked by the same concentrations of Ca’* as the progesterone- 
activated current, suggesting that the progesterone-activated channels 
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Figure 1 | Progesterone strongly potentiates human but not mouse 
CatSper. a, Representative monovalent whole-cell Icatsper recorded from a 
human spermatozoon in the absence (blue) and presence (red) of 500 nM 
progesterone (P). Right, a human spermatozoon attached to the recording 
pipette. b, Representative whole-flagellum human Icatsper- Right, sperm 
flagellum attached to the recording pipette. c, Representative whole-cell Icatsper 
recorded from a mouse spermatozoon in the absence (blue) and presence (red) 
of 500 nM progesterone. Right, mouse spermatozoon attached to the recording 
pipette. Voltage protocol is shown in a. Baseline indicates currents recorded in 
HS solution. 


contain a Ca** -binding site in the pore region that has the same affinity 
to Ca’* as the binding site of CatSper (Fig. 2c and Supplementary Fig. 6). 

Finally, we demonstrated that similar to CatSper, the progesterone- 
activated current is strongly potentiated by intracellular alkaliniza- 
tion (Fig. 2d and Supplementary Fig. 7). Because the CatSper and 
progesterone-activated currents have identical properties, we conclude 
that the progesterone-activated current is mediated by CatSper. 
Identical slopes of the voltage-activation curves (with the same maximal 
conductance) for sperm Ca’* currents observed with or without pro- 
gesterone (Fig. 3c) also support this conclusion. 

Progesterone potentiated CatSper with a half-maximum effective con- 
centration (ECso) of 7.7 + 1.8nM (Fig. 3a). The progesterone-binding 
site associated with CatSper is external, because a membrane- 
impermeable conjugate of progesterone and bovine serum albumin 
(BSA), P-3-BSA, activated Icatsper Similar to progesterone (Fig. 3b). 
Interestingly, progesterone modified with BSA at position C,, (P-11- 
BSA) did not potentiate Icatsper (Fig. 3b). A potent competitive antagonist 
of the nuclear progesterone receptor RU486 (mifepristone)” did not 
inhibit potentiation of CatSper by progesterone (Supplementary Fig. 
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8), suggesting that the ligand-binding site of the CatSper-associated 
progesterone receptor is structurally different from that of the classic 
nuclear progesterone receptor. 

CatSper activation by intercellular alkalinization can be explained at 
least partially by shifting voltage-activation (G/V) curve to more nega- 
tive, physiologically relevant potentials’*. Therefore we tested whether 
progesterone activates human CatSper through a similar mechanism. 
Indeed, at intracellular pH 7.4, addition of 500nM progesterone 
shifted CatSper half-activation voltage (Vj/.) from +85mV to 
+52 mV (Fig. 3c, black curves, and Supplementary Fig. 9a). On the 
other hand, the maximal amplitude of the CatSper tail currents did not 
change significantly after addition of 500nM progesterone (control 
maximal tail current was 97 + 3% of that with progesterone (n = 7); 
see Supplementary Fig. 9a). These results suggest that progesterone 
activates human CatSper primarily by shifting its voltage dependence 
towards more physiological, negative membrane potentials, while the 
single-channel conductance is not significantly affected. 

Because in vitro capacitation (incubation of spermatozoa under 
conditions similar to those found in the Fallopian tubes) was shown 
to increase progesterone-induced Ca** transients in human spermato- 
zoa~’, we investigated the effect of capacitation on the progesterone- 
induced shift in the CatSper G/V curve. Capacitation caused a 15 mV 
negative shift of the CatSper G/V curve, and slightly increased the 
amplitude of the negative shift induced by progesterone: addition of 
500 nM progesterone to capacitated spermatozoa shifted CatSper half- 
activation voltage (V,/2) from +70 mV to +30 mV (Fig. 3c, red curves, 
and Supplementary Fig. 9b). Again, no change in the maximal ampli- 
tude of the CatSper tail currents was observed after stimulation of 
capacitated spermatozoa with 500 nM progesterone: control maximal 
tail current was 99 + 4% of that with progesterone (n = 6, Supplemen- 
tary Fig. 9b). Thus capacitation enhances the effect of progesterone 
upon CatSper channel by providing additional negative shift of the 
CatSper G/V curve. 

The experiments with CatSper voltage activation also revealed why, 
in the absence of progesterone, human Icatsper is much smaller than 
mouse Icatsper at negative membrane potentials (compare Fig. la and c). 
At intracellular pH 7.4, Vij. of human CatSper is approximately 
+85 mV (Fig. 3c), whereas under similar conditions (pH; = 7.5), Vi 
of mouse CatSper is approximately +11 mV (ref. 12). Moreover, the 
G/V curve of human CatSper is steeper (slope factor k ~ 20; Fig. 3c) than 
that of mouse CatSper (k ~ 30)’*. Slope factors for strongly voltage- 
sensitive ion channels are approximately 4. A more positive Vj/. and 
a steeper slope of human CatSper G/V curve result in a smaller fraction 
of channels activated at negative membrane potentials compared 
with mouse CatSper. By inducing a negative shift in the G/V curve, 
progesterone helps human CatSper achieve a degree of activation at 
physiological potentials that is similar to mouse CatSper. 

Prostaglandin E, (PGE,) causes sperm intracellular Ca?* transients 
similar in amplitude and waveform to those of progesterone-induced 
Ca’* transients”***. Therefore we tested whether PGE, also potentiates 
CatSper. Indeed, addition of 500 nM PGE, induced strong potentiation 
of human monovalent Icatsper (Fig. 4a), similar to that induced by 
progesterone. In contrast, mouse CatSper was not potentiated by 
PGE), even at 10 uM (Supplementary Fig. 10). In human sperm, the 
large current recorded in the presence of PGE, was fully inhibited by 
2 uM NNC (Fig. 4a), a potent CatSper channel blocker (Fig. 2b). As 
with progesterone-induced current, the PGE,-induced current origi- 
nated from the flagellum (Fig. 4b, c) and was activated by intracellular 
alkalinization induced by addition of 10 mM NH,Cl (Fig. 4d and 
Supplementary Fig. 11). These findings confirm that, similar to pro- 
gesterone, nanomolar concentrations of PGE, potentiate CatSper. 

Although progesterone and PGE, activate the same channel, addi- 
tion of a saturating concentration of PGE, (2 1M) after potentiation of 
Icatsper With a saturating concentration of progesterone (2 UM) causes 
additional increase in the current amplitude and vice versa (Sup- 
plementary Fig. 12a, b). We used 2 UM as saturating concentration 
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Figure 2 | Progesterone-activated current of 
human sperm is mediated by CatSper. 

a, Averaged Icatsper amplitudes recorded from a 
whole spermatozoon (grey) and a flagellum (red) in 
the absence and presence of progesterone (P). 
Current amplitudes at —80 mV (negative) and 
+80 mV (positive) are shown. b, Representative 
monovalent Icatsper (left, blue) and the current in 
the presence of progesterone (right, red) were 
inhibited by 2 14M NNC (green). c, Dose-responses 
of Ca** inhibition of inward monovalent Tcatsper in 
the absence (black) and presence (red) of 500 nM 
progesterone. Amplitudes were recorded at 

—60 mV, n = 10. Representative current traces are 
shown in Supplementary Fig. 6. d, Amplitudes of 
inward monovalent Icatsper at varying intracellular 
pH in the absence (grey) and presence (maroon) of 
500 nM progesterone. Current amplitudes were 
measured at —80 mV. For representative traces, see 
Supplementary Fig. 7. Data are mean = s.e.m. 


Figure 3 | Mechanism of CatSper potentiation 
by progesterone. a, Dose dependence of 
potentiation of monovalent inward Icatsper by 
progesterone (P; left panel) and representative 
monovalent whole-cell Icatsper recorded from a 
human spermatozoon in the presence of varying 
concentrations of progesterone (right panel). 
Baseline indicates current recorded in HS solution. 
Current amplitudes were measured at —60 mV by 
averaging five to ten original current traces. 

b, Monovalent Icatsper in control (blue) and in the 
presence of membrane-impermeable progesterone 
derivatives, P-3-BSA (green) and P-11-BSA (red). 
Below: chemical structure of progesterone with C; 
and C), positions indicated. c, Voltage activation 
(G/V) curve of Ba?* Icatsper in the absence (circles) 
and presence (triangles) of 500 nM progesterone 
recorded in 10mM Ba’ ~ bath solution. Black 
curves represent non-capacitated spermatozoa, 
whereas red curves represent capacitated 
spermatozoa. For representative traces, see 
Supplementary Fig. 9. Data are mean = s.e.m. 


17 MARCH 2011 | VOL 471 | NATURE | 389 
©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


a Whole sperm b Flagellum 480mV 
130 mM OY io 
Cst 
500nM PGE, YS 500 nM PGE, 


pH 
7.35 
J50pa 
140 mM Cst 0.1s 


Baseline Baseline 


500 nM PGE, +2\M NNC 500 nM PGE, +24.M NNC 


c d HE Control,n=4 
80 
ak nes [500 nM PGE,,n=4 
ail; n = I 
60 t 


I (pA) 


Control 


500 nM 
PGE, 


pH, 6.0 


pH, 6.0 
NH, Cl 


Figure 4 | Prostaglandin E, potentiates human CatSper. a, Representative 
whole-cell CatSper currents recorded from human spermatozoon in the 
absence (blue) and presence (red) of 500 nM PGE). Current with 500 nM PGE; 
was completely inhibited by 2 1M NNC (green). Baseline indicates current 
recorded in HS solution. b, Experiment from a reproduced with whole 
flagellum (principal piece and midpiece). c, Averaged Icatsper amplitudes from a 
whole human spermatozoon (black) and a flagellum (grey) in the absence and 
presence of 500nM PGE). Amplitudes of CatSper currents at —80 mV 
(negative) and +80 mV (positive) are shown. d, Potentiation of Icatsper by 
500 nM PGE, before and after induction of intracellular alkalinization with 
10 mM NH,C1 in the bath (initial intracellular pH = 6.0). Averaged Icatsper 
amplitudes (at —80 mV) before (black) and after (grey) addition of 500 nM 
PGE,. Data are mean + s.e.m. 


of PGE), because 10 UM PGE, did not induce any additional potentia- 
tion of Icatsper (Supplementary Fig. 12c). These results suggest that the 
CatSper-associated binding sites for progesterone and PGE, are dif- 
ferent and confirm a previous observation that progesterone and PGE, 
induce Ca** entry into human spermatozoa through different binding 
sites*?®, 

Prostaglandin F), (PGF;,,) activated CatSper as strongly as PGE). 
Prostaglandins E, (PGE,) and A, (PGA,) had weaker but significant 
effects, whereas prostaglandin D, (PGD,) had almost no effect 
(Supplementary Fig. 13). The relative effects of all activators of human 
CatSper identified in this work followed the sequence progesterone 
> PGF, ~ PGE;> PGA,>PGE; >> PGD, and are summarized in 
Supplementary Fig. 14. 

The principal piece of the human sperm flagellum contains a voltage- 
gated proton channel H,1 that may activate CatSper by causing intra- 
flagellar alkalinization'*. Because progesterone and PGE, had no effect 
on human sperm H,1 current (Supplementary Fig. 15), we conclude 
that H,1 is not involved in the sperm Ca’* influx induced by proges- 
terone or prostaglandins. 

In summary, we demonstrate that human CatSper is strongly poten- 
tiated by progesterone and select prostaglandins, and that progesterone 
and PGE, apparently use different binding sites to activate CatSper. 
Because progesterone and prostaglandins potentiated CatSper in the 
absence of intracellular Ca?*, ATP or GTP, their effects are not 
mediated by G-proteins, protein kinases or second messengers. The 
simplest explanation of these results is that receptors for progesterone 
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and prostaglandins are located within the CatSper channel complex 
(consisting of CatSperl-4, CatSper-y, CatSper- B?’). However, mem- 
brane progestin receptors (mPR-«, -f, -y, -6 and -€) or progesterone 
receptor membrane component 1 (PGRMC1) that have been proposed 
to function as membrane progesterone receptors in different tissues”*7° 
may also serve as CatSper-associated progesterone receptors. Precise 
identification of the progesterone- and prostaglandin-binding sites is 
complicated by an inability to express functional CatSper channel 
complex in heterologous expression systems. 

CatSper is present in different species including invertebrates, but 
orthologues of CatSper subunits have low identity (50% or less)’””°, 
which probably reflects the fact that regulation of the main sperm Ca** 
entry pathway in species with different mechanisms of fertilization 
also differs. Indeed, in contrast to human CatSper, mouse CatSper is 
not activated by progesterone or prostaglandins. 

The kinetic rapid-mixing fluorimetry used by Striinker et al.*' also 
demonstrates that CatSper is activated by progesterone and prosta- 
glandins, without involvement of metabotropic receptors or second 
messengers. 


METHODS SUMMARY 


Gigaohm seals between the patch pipette and mouse spermatozoa were formed at 
the cytoplasmic droplet. Human spermatozoa were patched either at the cytoplas- 
mic droplet or, if the cytoplasmic droplet was inconspicuous, at the neck region. 
Seals were formed in HS solution comprising (in mM): 130 NaCl, 5 KCl, 1 MgSO,4, 2 
CaCl, 5 glucose, 1 sodium pyruvate, 10 lactic acid, 20 HEPES, pH 7.4 adjusted with 
NaOH. Pipettes for whole-cell patch-clamp recordings of monovalent CatSper 
currents were filled with (in mM): 130 Cs-methanesulphonate (CsMeSO3), 70 
HEPES/MES, 3 EGTA, 2 EDTA, 0.5 TrisHCl, pH 6.0-8.0 adjusted with CsOH. 
Bath divalent-free solution for recording of monovalent CatSper currents con- 
tained the following (in mM): 140 CsMeSOs3, 40 HEPES/MES, 1 EDTA, pH 7.4 
adjusted with CsOH. HS solution was used to record baseline current while mea- 
suring monovalent CatSper currents. Bath solution for recording monovalent 
CatSper currents at different bath [Ca**]irec contained the following (in mM): 
140 CsMeSO3, 40 HEPES/MES, 1 EDTA, 1 BAPTA, 1 HEDTA, pH 7.4 adjusted 
with CsOH. CaCl, was added to this solution in accordance with WinMAXC 
version 2.05 (C. Patton, Stanford University) to obtain required free [Ca?*]. 
Pipettes for whole-cell patch-clamp recordings of Ba~* CatSper currents were filled 
with the following (in mM): 145 NMDG, 100 HEPES, 10 BAPTA, 0.5 TrisHCl, pH 
7.4 with HMeSO3. Bath solution for recordings of Ba** currents contained the 
following (in mM): 0-50 Ba?*, 150-90 NMDG, 100 HEPES, pH 74 adjusted with 
HMeSO3. Mg** bath solution used as a control (baseline) solution contained the 
following (in mM): 2 MgCl, 150 NMDG, 100 HEPES, pH 7.4 adjusted with 
HM6eSOs. Proton currents were recorded in divalent-free solution as described in 
Lishko et al.'’. All electrophysiology experiments were performed at 24°C. Data 
were analysed with Origin 7.0 and Clampfit 9.2. Statistical data were calculated as 
the mean + s.e.m., and n indicates number of experiments. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Materials and reagents. PGE,, PGA, and PGF,,, were obtained from Avanti Polar 
Lipids. Oestradiol, PGD, and PGE, were purchased from Cayman Biochemicals. 
Progesterone was obtained from Sigma and Calbiochem. Progesterone conjugates 
were from aBiox. NNC 55-0396 was from Tocris. All other chemicals were pur- 
chased from Sigma. 

Isolation of spermatozoa. Protocols for the human sperm studies were approved 
by the Committee on Human Research at the University of California, San 
Francisco. Freshly ejaculated sperm samples were obtained from four healthy 
young donors by masturbation and allowed to liquefy for 30-60 min at 22°C 
before processing. Human spermatozoa were purified by the swim-up method 
in artificial human tubal fluid solution (in mM): 98 NaCl, 4.7 KCI, 0.3 KH,POu,, 2 
CaCl, 0.2 MgSO4, 21 HEPES, 3 glucose, 21 lactic acid, 0.3 sodium pyruvate, pH 7.4 
(NaOH). Spermatozoa were stored in this medium at 22 °C for up to 6h. For in 
vitro capacitation, isolated human spermatozoa were incubated in the capacitating 
medium as previously described’*. Electrophysiological properties of non-capacitated 
and capacitated spermatozoa from the same donor were compared during the 
same day. Mouse spermatozoa were isolated from cauda epididymis as previously 
described". 

Patch-clamp recordings. Gigaohm seals between the patch pipette and mouse 
spermatozoa were formed at the cytoplasmic droplet. Human spermatozoa were 
patched either at the cytoplasmic droplet or, if the cytoplasmic droplet was incon- 
spicuous, at the neck region. Seals were formed in HS solution comprising the 
following (in mM): 130 NaCl, 5 KCl, 1 MgSOu, 2 CaCl: 5 glucose, 1 sodium 
pyruvate, 10 lactic acid, 20 HEPES, pH 7.4 adjusted with NaOH. Transition into 
the whole-cell mode was performed by applying short (1 ms) 499-611 mV voltage 
pulses, sometimes combined with light suction. Access resistance was 25-70 MQ, 
depending on the intracellular solution used (lower for Cs-based compared with 
NMDG-based solutions). Cells were stimulated every 5s. Data were sampled at 
2-5 kHz and filtered at 1 kHz. 


Pipettes (11-17 MQ) for whole-cell patch-clamp recordings of monovalent 
CatSper currents were filled with the following (in mM): 130 Cs-methanesulphonate, 
70 HEPES/MES, 3 EGTA, 2 EDTA, 0.5 TrisHCl, pH 6.0-8.0 adjusted with CsOH. 
Bath divalent-free solution for recording of monovalent CatSper currents con- 
tained the following (in mM): 140 Cs-methanesulphonate, 40 HEPES/MES, 1 
EDTA, pH 7.4 adjusted with CsOH. HS solution was used to record baseline 
current while measuring monovalent CatSper currents (Ca”* contained in HS 
solution inhibits monovalent CatSper currents and causes Ca’* -dependent inac- 
tivation of CatSper channels). Bath solution for recording monovalent CatSper 
currents at different bath [Ca”*];,¢¢ contained the following (in mM): 140 Cs- 
methanesulphonate, 40 HEPES/MES, 1 EDTA, 1 BAPTA, 1 HEDTA, pH 7.4 
adjusted with CsOH. CaCl, was added to this solution in accordance with 
WinMAXC version 2.05 (C. Patton, Stanford University) to obtain required free 
[Ca?*]. 

Pipettes (20-30 MQ) for whole-cell patch-clamp recordings of Ba”* CatSper 
currents were filled withthe following (in mM): 145 NMDG, 100 HEPES, 10 
BAPTA, 0.5 TrisHCl, pH 7.4 with methanesulphonic acid (Fig. 3c and Supplemen- 
tary Fig. 9). Ba”* currents in Supplementary Fig. 2 were obtained with pipette 
solution (in mM): 140 NMDG, 100 HEPES, 5 EDTA, 5 EGTA, 0.5 TrisHCl, pH 7.0 
with methanesulphonic acid. Bath solution for recordings of Ba** currents con- 
tained the following (in mM): 0-50 Ba>*, 150-90 NMDG, 100 HEPES, pH 7.4 
adjusted with methanesulphonic acid. Mg”* bath solution used as a control (base- 
line) solution while recording Ba** currents contained the following (in mM): 
2 MgCl,, 150 NMDG, 100 HEPES, pH 7.4 adjusted with methanesulphonic acid. 

Proton currents were recorded in divalent-free solution as described in Lishko et 
al.°. Osmolarities of all electrophysiological solutions were approximately 321 and 
335 mOsm| for bath and pipette solutions, respectively. All electrophysiology 
experiments were performed at 24°C. Data were analysed with Origin 7.0 and 
Clampfit 9.2. Statistical data were calculated as the mean ~ s.e.m., and n indicates 
number of experiments. 
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Chromosome length influences replication-induced 


topological stress 


Andreas Kegel’, Hanna Betts-Lindroos', Takaharu Kanno’, Kristian Jeppsson’, Lena Strém!, Yuki Katou’, Takehiko Itoh’, 


Katsuhiko Shirahige* & Camilla Sjogren! 


During chromosome duplication the parental DNA molecule 
becomes overwound, or positively supercoiled, in the region ahead 
of the advancing replication fork. To allow fork progression, this 
superhelical tension has to be removed by topoisomerases, which 
operate by introducing transient DNA breaks’. Positive supercoil- 
ing can also be diminished if the advancing fork rotates along the 
DNA helix, but then sister chromatid intertwinings form in its 
wake’. Despite these insights it remains largely unknown how 
replication-induced superhelical stress is dealt with on linear, 
eukaryotic chromosomes. Here we show that this stress increases 
with the length of Saccharomyces cerevisiae chromosomes. This 
highlights the possibility that superhelical tension is handled on 
a chromosome scale and not only within topologically closed 
chromosomal domains as the current view predicts. We found that 
inhibition of type I topoisomerases leads to a late replication delay 
of longer, but not shorter, chromosomes. This phenotype is also 
displayed by cells expressing mutated versions of the cohesin- and 
condensin-related Smc5/6 complex. The frequency of chromo- 
somal association sites of the Smc5/6 complex increases in response 
to chromosome lengthening, chromosome circularization, or inac- 
tivation of topoisomerase 2, all having the potential to increase the 
number of sister chromatid intertwinings*®. Furthermore, non- 
functional Smc6 reduces the accumulation of intertwined sister 
plasmids after one round of replication in the absence of topoi- 
somerase 2 function. Our results demonstrate that the length of a 
chromosome influences the need of superhelical tension release in 
Saccharomyces cerevisiae, and allow us to propose a model where 
the Smc5/6 complex facilitates fork rotation by sequestering 
nascent chromatid intertwinings that form behind the replication 
machinery. 

The Smc5/6 complex (hereafter referred to as Smc5/6) consists of 
Smc5, Smc6, Nsel, the Sumo-ligase Mms21 and Nse3-Nse6 (ref. 4), 
and has to be functional during replication for normal mitotic pro- 
gression’. The exact role of this complex in unchallenged cells is largely 
unknown. Notably, chromatin immunoprecipitation (ChIP) on chip 
analysis of cells arrested at G2/M shows that the frequency of arm- 
binding sites increases with chromosome length in budding yeast°. 
Using ChIP sequencing, which allows a more quantitative determina- 
tion ofa protein-binding profile®, we confirmed the length dependency 
of Smc5/6 chromosome association (Supplementary Fig. 2 and Sup- 
plementary Table 2). As this binding pattern shows no consistent 
correlation with established chromosomal features, we hypothesized 
that it was a reflection of replication-induced superhelical stress, and 
that this increases with chromosome length. If so, topoisomerases that 
remove this tension are expected to have a length-dependent effect on 
replication. Type I topoisomerases (Top1 and Top3) release super- 
helical tension by introducing temporary nicks in the DNA, whereas 
type II topoisomerases (Top2) transfer one DNA double helix through 
another via transient formation of a double-strand break (DSB)'. 


Either Top1 or Top2 can support replication in budding yeast, but 
Topl seems to have the central function in the release of supercoils 
ahead of the fork”*. Top2, on the other hand, is central for removal 
of sister chromatid intertwinings (SCIs), which is a prerequisite for 
correct chromosome segregation (Fig. 1a)*”*. The function of Top3 on 
undamaged chromosomes is unclear, but it has been suggested to 
remove the topological strain between two converging replication 
forks'”"°. The growth of top34 mutants is severely hampered, 
probably due to the accumulation of aberrant chromosome structures 
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Figure 1 | Top1, Top3 and Smc5/6 are required for timely completion of 


replication on long chromosomes. a, Release of replication-induced 
superhelical tension by topoisomerases or fork rotation. Arrow, replication 
direction; red/blue arrowheads, topoisomerase 1/2; yellow arrow, fork rotation; 
(+) Sc, positive supercoil; SCI, sister chromatid intertwinings. See also 
Supplementary Fig. 1. b, Illustration of chromosomal BrdU labelling during S 
phase. c, Immunodetection of BrdU incorporation after chromosome separation 
by PFGE. Chromosomes IV and II are highlighted. d, e, Quantification of BrdU- 
labelled chromosomes. The signals for Chr IV and III were normalized to total 
BrdU incorporation. Standard deviations and P-values (t-test, ***P < 10°) are 
based on n = 27 (wild type) and n = 3 (mutants). 
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created by the Sgs1 helicase'’. Top3 function is therefore commonly 
addressed in top3A sgs1A cells, which grow at wild-type rates. 

To test if any of the topoisomerases has a length-dependent func- 
tion, chromosomes from wild-type, top14, top3A sgs1A, sgs1A and 
temperature-sensitive top2-4 cells were isolated after one round of 
replication at 35 °C in the presence of 5-bromodeoxyuridine (BrdU) 
(Fig. 1 and Supplementary Fig. 3a). After separation by pulse-field gel 
electrophoresis (PFGE), blotting and detection using anti-BrdU 
antibodies (Fig. 1c), the signals for a short (Chr III, ~317 kb) and a 
long (Chr IV, ~1,532 kb) chromosome were quantified and compared 
to the signal of total BrdU incorporation. Although the relative 
amount of Chr III that migrated into the gel was similar in wild-type 
and mutated cells, significantly less of Chr IV was detected in top1A 
and top3J sgs1A cells, but not in sgs1A or top2-4 cells (Fig. 1d). Such 
delay was detected for all long chromosomes down to a size of 924 kb 
(Chr XIII) (Supplementary Fig. 4). Because inhibition of chromosome 
penetration into pulse-field gels depends on the branched structures of 
ongoing replication forks’, this shows that Top1 and Top3 are needed 
for the timely completion of replication of longer chromosomes. As 
the fluorescence-activated cell sorting (FACS) profiles show that bulk 
replication is largely unperturbed, this delay probably occurs late in S 
phase (Supplementary Fig. 3a). This is in line with a function of Top3 
in replication termination, and also indicates that Top] is important at 
later stages of replication’””®. 

In further support of a length-dependent function of Top1, we 
confirmed that inhibition of Top1 by camptothecin (CPT) influences 
replication of longer yeast chromosomes in particular’’ (Supplemen- 
tary Fig. 5). CPT inhibition of Top! is generally thought to interfere 
with the DNA re-ligation step’, causing replication fork blocks and 
checkpoint activation. However, CPT also inhibits DNA nicking by 
Top] (ref. 15), and increases supercoiling ahead of a replication fork’®. 
Furthermore, the yeast damage checkpoint remains inactivated when 
CPT is present during a single S phase as in the experiment performed 
here’. This indicates that the length-dependent replication delay in 
CPT-treated cells is at least in part caused by unresolved topological 
tension in the DNA molecule. Together, these results indicate that 
topological stress increases with chromosome length. 
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Figure 2 | Inactivation of Top2, but not Topl, increases the frequency of 
Smc6 chromosomal interactions. a—c, Chromosomal association of Flag- 
tagged Smc6 in wild-type (a), top2-4 (b) and wild-type CPT-treated (c) cells. 
Orange peaks, significant chromosomal binding sites; blue horizontal lines, 
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The absence ofa replication delay in top2-4 mutants confirms earlier 
reports showing that unresolved SCIs leave replication largely unper- 
turbed”*, and demonstrates that SCIs are not the cause of the PFGE 
phenotype detected here. 

Having established that superhelical tension accumulates on longer 
chromosomes, we analysed temperature-sensitive smc6-56 and SUMO 
ligase-dead mms21-CH mutants in the PFGE/BrdU assay. Both muta- 
tions triggered a length-dependent late replication delay, indicating that 
Smc5/6 also handles replication-induced topological stress (Fig. le). 
Scc2, which is needed for loading of both cohesin and Smc5/6 to 
undamaged chromosomes”, was also required for full replication of 
long chromosomes (Fig. le). In contrast, replication was unperturbed 
in the cohesin mutant smc1-259, indicating that the effect on replication 
is Smc5/6-specific (Fig. le). In smmc6-56 cells, replication was signifi- 
cantly inhibited on chromosomes which were ~746 kb or longer (Sup- 
plementary Fig. 4). The reason why the smc6-56 replication defect 
extends to chromosomes of shorter length than top1A and top3A sgs1A 
is unclear. Possibly, the absence of Smc5/6 function triggers a higher 
accumulation of topological tension than removal of the topoisome- 
rases, and/or the lack of topoisomerases is more easily compensated. 

In addition to its function in undamaged cells, the Smc5/6 complex 
prevents accumulation of aberrant recombination structures at stalled 
and collapsed replication forks'**°. To test whether the replication 
delay detected in the srnc6-56 mutant was due to faulty recombination, 
the PFGE/BrdU assay was repeated using cells lacking the central 
recombination proteins Rad51 or Rad52. The smc6-56 phenotype was 
unchanged in smc6-56 rad51A and smc6-56 rad52A cells, showing that 
the length-dependent function is unrelated to aberrant recombination 
(Supplementary Fig. 6a, b, data not shown). Furthermore, chromosome 
segregation was equally delayed in smc6-56 and smc6-56 rad51A cells 
(Supplementary Fig. 7a—d). Because earlier observations show that 
Smc5/6 is needed during replication for correct segregation, this pro- 
vides yet another argument that the complex’s S-phase function is 
unrelated to aberrant recombination. Additionally, cells lacking Srs2, 
which negatively regulates recombination*'”, or Sgs1, which together 
with Top3 and Rmil is involved in the resolution of recombina- 
tion structures’, did not display a chromosome-length-dependent 
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phenotype in the PFGE assay (Fig. 1d and Supplementary Fig. 6c, d). 
Taken together, this argues that the length-dependent replication 
delay, and the defect in chromosome segregation, is independent of 
aberrant recombinational repair of spontaneous DNA breaks. 

The similar replication delay found in type 1 topoisomerase mutants 
and Smc5/6 mutants is in line with a role for the complex in resolving 
replication-induced topological tension. To test if the chromosomal 
association of Smc5/6 is a reflection of this stress, we analysed whether 
it was dependent on replication as such, and not merely passage 
through S phase. Cell cycle progression without initiation of replica- 
tion was achieved by depletion of Cdc6, a central component of the 
pre-replication complex”. Under these conditions, the number of 
Smc6 chromosomal interaction sites in G2/M cells decreased by 
~60%, showing that the association is determined by the replication 
process (Supplementary Fig. 8). 

To test further the assumption that the chromosomal association of 
Smc5/6 is determined by chromosome topology, Smc6 chromosomal 
association was analysed after Top1 or Top2 inactivation. CPT inhibi- 
tion of Top] did not significantly alter the Smc6 interaction pattern, 
but an S phase at non-permissive temperature for top2-4 triggered a 
marked change (Fig. 2a—c). The overall number of Smcé6 binding sites 
increased by 92%. Because inhibition of top2-4 leaves replication 
unperturbed but increases the number of SCIs’, this indicates that 


Smc5/6 association is triggered by these. Interestingly, the biggest 
increase of Smc6 interaction sites was detected on chromosomes of 
intermediate length, and even though the Smcé6 signals on the long Chr 
IV seem stronger in top2-4 cells, there was little change in the number 
of association sites (Fig. 2a, b, d). We interpret this as follows. As 
proposed previously, SCIs are able to move along chromosomes, 
and this movement is easier if the chromosome is short*, Owing to a 
lower mobility of SCIs on longer chromosomes, they accumulate and 
trigger Smc5/6 interaction even in wild-type cells with functional 
Top2. On chromosomes of intermediate length, SCIs are less stable 
in wild-type cells but accumulate and lead to more Smc5/6 interaction 
sites after Top2 inhibition. Finally, on the shortest chromosomes, the 
SCIs are free to swivel off chromosome ends, and few Smc5/6-binding 
sites are detected in both wild-type and top2-4 cells. The absence of an 
increase in Smcé6 binding on Chr IV in top2-4 cells could indicate that 
the frequency of SCIs has reached a level of saturation. Interestingly, 
the ChIP-sequencing data also indicate that the amount of Smc6 levels 
off when reaching this chromosome length (Supplementary Fig. 2a). 
If the above is true, Smc5/6 is expected to disappear from a long 
chromosome that is shortened, and to accumulate on a circular variant 
of a short chromosome. Indeed, in cells where the ~1,532-kb-long 
Chr IV was present as two pieces of ~500 and ~1,032 kb, the fre- 
quency of Smc6 binding sites decreases to the levels detected on natural 
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Figure 4 | The Smc5/6 complex facilitates catenation of an episomal 
plasmid. a, Southern blot analysis of pRS316 from indicated cells. Controls for 
relaxed, supercoiled and linear monomers are shown in the two rightmost 
lanes. Nicked and supercoiled catenated dimers, as well as supercoiled 


chromosomes of the same size (Fig. 3a-c)**. In addition, the number of 
both Smcé6 and Nse4 interaction sites increased markedly on a circular 
variant of Chr III (Chr III°") (Fig. 3d and Supplementary Fig. 9a). 
ChIP sequencing confirmed that the increase in binding frequency 
reflected a higher amount of Smc6 on Chr IIIS (Supplementary 
Fig. 2a—c). The accumulation was not due to an increased number of 
DNA breaks, as Smc6 still amasses on this chromosome in cells lacking 
Mrel11, which is needed for the localization of the complex to DSBs° 
(Supplementary Fig. 9b). The changed distribution of Smc6 in top2-4 
cells, and after chromosome shortening or circularization, argues that 
Smc5/6 loading is triggered by SCIs. 

To gain further insight into how the complex is recruited to chromo- 
somes, the interaction pattern of the loading protein Scc2 was analysed. 
Scc2 shows few additive interaction sites on Chr III“, and it does not 
display a length-dependent interaction pattern (Supplementary Figs 9e 
and 10). This indicates that Smc5/6 is able to move away from its loading 
sites like cohesin”’, and might finally accumulate at SCIs. Neither Smc1 
nor Smc2—subunits of cohesin and condensin complexes, respectively— 
change their interaction pattern in response to Chr III circularization 
(Supplementary Fig. 9c, d). This indicates that among eukaryotic SMC 
complexes only Smc5/6 associates to sites of SCIs. 

How can a chromosomal localization process dependent on SCI 
formation be reconciled with a type-I-topoisomerase-like function 
for Smc5/6? Possibly, the complex binds and sequesters nascent 
SCIs behind the replication fork. This could drive fork rotation and 
thereby the release of superhelical tension ahead of the replication 
machinery (Supplementary Fig. 1). If true, non-functional Smc5/6 is 
expected to trigger an increase in supercoiling and decrease the number 
of SCIs. To test this, the topological status of a 4.9-kb plasmid was 
investigated using gel electrophoresis and Southern blot analysis*”°. 
The plasmid was introduced into wild-type, smc6-56, top2-4, or top2- 
4smc6-56 cells, and isolated from cells arrested in G1 at 25 °C or in G2 
after a single passage through S phase at non-permissive temperature 
for the smc6-56 and top2-4 alleles. Without the use of top2-4, the effect 
of smc6-56 on SCI formation is not possible to study, as very few SCIs 
accumulate in wild-type cells. As shown before, SCIs accumulated in 
the G2 sample of top2-4 cells, increasing the amount of catenated 
plasmid dimers* (Fig. 4a, b and Supplementary Figs 3b and 11). 
This increase was significantly diminished in top2-4smc6-56 double 
mutants, and in line with a defect in transferring supercoils to SCIs, the 
amount of supercoiled, monomeric plasmids was increased (Fig. 4a-c). 


monomers, are indicated (see Supplementary Fig. 11 and ref. 28). 

b, c, Percentage of catenated dimers (b) and supercoiled monomers (c) in the 
G2/M-arrested samples. Standard deviations and P values (t-test, 

*#**D < 10°) are based on results from n = 4 experiments. 


Supercoiled material did not accumulate in the single smc6-56 mutant, 
probably due to a compensatory function of the topoisomerases still 
present in these cells (Fig. 4c). 

The presented data favour a model where Smc5/6 reduces the accu- 
mulation of positive supercoils ahead of the replication machinery by 
assisting fork rotation through sequestration of SCIs (Supplementary 
Fig. 1). Possibly the complex, via its association to SCIs, also organizes 
the chromatids in a ‘rotation friendly’ conformation. The length- 
dependent role of Smc5/6 and type I topoisomerases could be explained 
if the rotation occurs on a chromosome scale, and thus is easier to 
accomplish when a chromosome is short (Supplementary Fig. 1). This 
would increase the efficacy of Smc5/6 on short chromosomes, leaving 
fewer supercoils for the topoisomerases to handle. Alternatively, detect- 
able replication delays occur with a fixed probability of less than one per 
replicon, and as there are more replicons on a long chromosome, the 
risk increases for a discernible fork blockage. Future studies testing the 
topological tension in linear chromosomes of different length will 
determine this. 

Although the rotation model unites the findings presented here, 
other modes of function for Smc5/6 are still possible. The complex 
could, for example, activate type I topoisomerases directly, and its 
binding pattern and connection to SCI formation and/or stabilization 
could be due to more passive roles of the complex in organizing chro- 
mosome structure, as suggested previously”®. Regardless, the Smc5/6 
complex, via its interplay with topology and topoisomerases, must 
have a key role in the structural organization of chromosomes. 
Furthermore, if it channels superhelical tension ahead of the fork into 
SCIs behind, as our results indicate, the strength of superhelical tension 
can bea key determinant in the organization of chromosome structure. 


METHODS SUMMARY 


The yeast strains used in this work are haploid and derivatives of W303, YPH952 
(ref. 26), or RO71 (see Supplementary Table 1 for details). Methods used for ChIP- 
on-chip, ChIP sequencing, PFGE/BrdU, and plasmid topology analysis are 
described in the Methods. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


The yeast strains used in this work are haploid and derivatives of W303, YPH952 
(ref. 26), or RO71 (see Supplementary Table 1 for details). Cell cycle arrests, FACS 
and Southern blot analyses were performed using established techniques. 
ChIP-on-chip and ChIP sequencing. ChIP-on-chip was performed as described 
previously**’ using S. cerevisiae whole-genome tiling 1.0F arrays (Affymetrix). For 
ChIP-sequencing analysis, more than 10 million tag sequences for both ChIP and 
whole-cell extract (WCE) fractions were read. Sequence coverage is higher than 
92% and total redundancy is over 30-fold in all cases (Supplementary Table 2). 
Chromatin immunoprecipitation was carried out as previously described**, DNA 
from the WCE and ChIP fractions was further sheared to the average size of 150 bp 
by ultra sonicator Covaris (Covaris Inc.), end-repaired, ligated to sequencing 
adapters and amplified according to the manufacturer’s instructions (Applied 
Biosystems SOLiD Library Preparation Protocol). Gel-purified amplified DNA 
between 100 and 150bp was sequenced on the Applied Biosystems Solid 3.5 
platform to generate 50-bp reads. Sequence reads were aligned to the S. cerevisiae 
reference genome using Corona_lite (Applied Biosystems) allowing three colour 
space mismatches. More than 10 million reads were mapped for each sample. 
Aligned reads were extended to 100bp in the 3’ direction. As inclusion of the 
repetitive data in ChIP-sequencing experiments is critical for a complete under- 
standing of protein localization along the chromosome”’, sequence reads mapped 
to repetitive sequences were divided equally among all locations where the repeti- 
tive sequence appeared, treating each repetitive sequence as being equally respons- 
ible for the resulting sequencing read. The number of reads was summed up in a 
500-bp window with a step size of 50 bp along the chromosome for ChIP and WCE 
fractions, respectively. After normalization of total reads of ChIP fraction against 
WCE fraction, enrichment values (ChIP/WCE) were calculated as previously 
described for each window and presented”. 

All samples for ChIP-on-chip and ChIP sequencing were collected from beno- 
myl- or nocodazole-arrested (801gml~’ and 15 pgml', respectively) G2/M 
cells. 

Ccd6 depletion. Cdc6 depletion was mainly performed as described previously”. 
Cells with Flag-tagged Smcé6 and the CDC6 gene under the control of a galactose- 
inducible promoter grown in medium containing 2% galactose and raffinose were 
first arrested in G1 using o-factor (Innovagen). Twenty minutes after release from 
this arrest, half of the culture was washed and re-suspended in medium with 2% 
raffinose to deplete cells of Cdc6. «-Factor was also added back to both cultures to 
re-arrest them in subsequent G1. The two cultures were finally released into a 
nocodazole G2/M arrest, maintaining the presence of raffinose in one, and raffinose 
and galactose in the other. Samples for PFGE and Southern blot analysis using 
probes against Chr III and Chr IV were collected every 20 min after the last G1 
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release. Whole-genome ChIP-on-chip analysis of Smc6 was performed on the G2/ 
Marrested cells, and FACS analysis done every 20 min during the entire experiment. 
PFGE/BrdU analysis. Analysis of replication by PFGE of BrdU-containing chro- 
mosomes was performed as described previously*’. Cells were grown at 21 °C and 
arrested in G1 using «-factor. The temperature was raised to 35 °C for an addi- 
tional 45 min under maintained arrest, and cells were subsequently released into 
medium containing BrdU (400 gml*; Sigma), and nocodazole (15 1g ml’; 
Sigma) for arrest in G2/M. Samples were collected and analysed as indicated in 
the text when all cells had reached G2/M after 40 min at 35 °C. CPT (20 uM) was 
added to the G1-arrested cells 30 min before release, and kept in CPT-containing 
medium during S-phase progression. Preparation of chromosomes for PFGE 
analysis was performed as described previously”. 

Plasmid assay. For analysis of the topological variants of a plasmid, strains with 
pRS316 were arrested in G1 and released into a G2/M arrest at 35 °C as during the 
PFGE assay and as described in ref. 28. To avoid alterations of plasmid topology 
owing to sample preparation, cell lysis was performed in agarose plugs as in ref. 36. 
Southern blot using a radioactive probe against plasmid-specific sequences was 
performed using standard methods. Gel electrophoresis of plasmid samples was 
performed on a 0.8% agarose gel in the presence of 0.5 1g ml‘ ethidium bromide 
in all cases except in Supplementary Fig. 11a where ethidium bromide was omitted. 
Ratios of supercoiled or catenated plasmids were calculated using the formula: 
ratio of supercoiled monomers or catenated dimers = supercoiled monomers or 
catenated dimers/(supercoiled monomers + relaxed monomers + catenated 
dimers) X 100. Statistical analyses to generate standard deviations and P values 
were performed using the statistical analysis tools provided by Microsoft Office 
Excel 2003. The statistical significance of the data represented by the P value was 
determined by t-test. 
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Model of triose phosphate isomerase, 
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Enzyme expertise 


Biocatalysis specialists are in high demand in industry. 


r Vhe global appetite for goods, fuel and 
pharmaceuticals that are derived from 
petrochemicals is squeezing the planet 

dry of resources. Chemists may be able to 

offer solutions by synthesizing products from 
alternative raw materials. But one of the most 
promising avenues in the quest for sustainabil- 
ity may be an amalgamation of chemistry and 
biology known as biocatalysis, in which bio- 
logically produced enzymes are used instead 
of heavy-metal catalysts to improve the effi- 
ciency and sustainability of reactions. Enzymes 
are gaining popularity in industry, and experts 
in biocatalysis are becoming hot commodities. 

Catalysts are required for chemical trans- 
formations ranging from turning a crude-oil 
mixture into chemicals for manufacturing to 
making a molecular tweak to a drug candidate. 

Catalysts are traditionally made from metals 


suchas platinum, rhodium or palladium, with 
various molecular add-ons designed to help 
each step of a synthesis. But enzymes can has- 
ten complicated transformations in a single 
step. By tinkering with enzymes, researchers 
can coax previously resource-intensive reac- 
tions to proceed faster at lower temperatures 
and pressures, with fewer work-up steps anda 
higher yield — all of which improves efficiency 
and saves energy. 

Although enzymes cannot replace every 
catalyst used in industry, they could supplant 
a great many if companies embrace the tech- 
nology. Right now, firms seem willing to do 
this. In the pharmaceutical industry, blighted 
by thousands of job losses in the past few years, 
biocatalysis provides a glimmer of hope for 
scientists seeking opportunities. For exam- 
ple, Novozymes, an enzyme-development 
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company based in Bagsveerd, Denmark, has 
increased its team of scientists from 581 in 
2001 to 961 in 2010. And a small biocatalysis 
group at the research labs of pharmaceuticals 
giant Merck in Rahway, New Jersey, has sur- 
vived three rounds of cuts in the past decade, 
and looks set to remain core to the company’s 
business. Management, says Jeffery Moore, 
part of that team, “views biocatalysis as a dis- 
tinguishing feature of chemistry at Merck and 
a competitive advantage in the marketplace”. 
He adds that because of the lay-offs, most of 
his recruits are newly redundant chemists, 
sometimes from Merck, rather than industry 
new-comers. Competition is tough. 

The group at Merck is small — just seven 
people — but the company also creates oppor- 
tunities beyond its own confines. “Pharmaceuti- 
cal companies are outsourcing a lot of synthetic 
work to lower-cost manufacturers,’ says Moore. 
“Where you see a lot of growth in biocatalysis is 
at those third-party manufacturers.” 


CATALYSING OPPORTUNITIES 
Biocatalysis requires the skills of chemists who 
can devise synthetic routes to a given mole- 
cule; biochemists who can understand enzyme 
function and reaction conditions; and micro- 
biologists who can engineer the enzymes. 
There are also increasing opportunities for 
chemical engineers with an enzymatic bent, 
says David Rozzell, a consultant based in Bur- 
bank, California, who sold his own biocatalysis 
company, BioCatalytics, in 2007. “I think that 
the jobs are likely to go up and up,’ he says. “If 
the economy improves, I think we're going to 
see more companies looking to biocatalysis.” 
Collaborative successes in the past few years 
suggest that the field has promise. In one case, 
Merck teamed up with Codexis, an established 
biocatalysis company based in Redwood City, 
California, to develop a new enzymatic syn- 
thesis for an existing diabetes drug, sitagliptin. 
(C. K. Savile et al. Science 329, 305-309; 2010) 
The traditional production route for the drug 
involves the use of a rhodium catalyst under 
high pressure, and the product suffers from 
rhodium contamination. Investigators stream- 
lined the reaction, reducing by-products and 
lowering costs by around 10%. The enzymatic 
route also produced only the desired biologi- 
cally active form of the molecule, rather than 
the mixture of forms made by the traditional 
synthesis. The finding could lay the ground- 
work for similar syntheses of other drugs. 
Codexis is also using its expertise in the 
fuels sector, and has been working with > 
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> Shell since 2006 to develop a liquid trans- 
port fuel that is not based on petroleum. The 
company has grown from a staff of 10 when 
it was founded in 2002 to around 300 today. 
Two-thirds of employees work in research and 
development (R&D), says Dawn Kirkland, 
director of human resources at Codexis. Some 
225 employees are based in the United States, 
but Codexis also has operations in Singapore 
and Budapest. The company has grown by 10% 
every year, and currently has 12 openings for 
scientists. “We tend to hire both PhD scientists 
and [master’s or bachelor’s-educated] research 
associates in the R&D area, and chemical engi- 
neers,’ says Kirkland. Those with PhDs are 
most likely to be hired as team or project lead- 
ers, she says, but there is no expectation that 
leadership skills be honed before joining the 
company — an in-house mentoring system, in 
which senior scientists counsel new recruits, 
ensures that rookies get the necessary training. 

At Novozymes, a commitment to R&D, 
including the search for new catalysts, 
attracts specialists, who tend to stay on. At 
the moment, about 14% of the company’s 
revenue is invested in research, says Nickie 
Spile, vice-president for global R&D. “That's 
a lot,” she adds. For comparison, in 2009, the 
world’s largest chemical company, BASF in 
Ludwigshafen, Germany, invested 2.7% of its 
overall revenue in R&D, and Bayer, based in 
Leverkusen, Germany, invested 8.8%. Oppor- 
tunities are global: Novozymes has had sites in 
China and Japan for 20 years, and in 2010 the 
company hired around 100 people in Europe 
alone, says Spile. 

Other firms working in the field include 
Johnson Matthey in London, a traditional- 
catalyst company that in 2010 bought 
X-Zyme, a biotech based in Diisseldorf, Ger- 
many. X-Zyme’s work includes developing 
biocatalysts that turn ketone and keto-ester 
molecules into chiral amines, which are used 
for fine chemicals and drugs. BASF and DSM 
Pharmaceuticals in Parsippany, New Jersey, 


both have a strong interest in biocatalysis; 
BASF employs about 200 scientists in itsR&D 
unit for “fine chemicals and biocatalysis” 
(DSM won't divulge its numbers). DuPont 
of Wilmington, Delaware, is turning to bio- 
catalysts to make propane- 1,3-diol, a building 
block for polymer and plastics. 


A CHEMICAL EDUCATION 

A career in biocatalysis should start with a solid 
academic base, and Europe has some strong 
groups. The University of Manchester, UK, 
Delft University of Technology (TU Delft) in the 
Netherlands and Graz University of Technol- 
ogy in Austria are good places to start, says Nick 
Turner, director of the Centre of Excellence for 
Biocatalysis, Biotransformations and Biocata- 
lytic Manufacture (CoEBio3) at the University 
of Manchester. “You need to get yourself into 
one of those centres,” he says. Such institutions 
offer training, have strong links with each other 
and with industry, and host many of the big aca- 
demic names in the field. 

In 2009, TU Delft started running a two- 
year master’s degree in biocatalysis. Entrants 
need a bachelor’s-level education; they learn 
enzymology, proteomics and biocatalysis, and 
undertake a design project and a three-month 
placement in industry. And CoEBio3 received 
a £3.7-million (US$6-million) grant from the 
European Union (EU) in January to coordinate 
a project that will train PhD students across 
Europe for industrial work in biocatalysis. 
The scheme will be run in conjunction with 
the EU’s Marie Curie training networks, and 
will initially teach 20 PhD graduates at a time. 

Turner says that biocatalysis specialists, 
even those who concentrate on the biologi- 
cal aspects of the field, need a good ground- 
ing in chemistry. There are some biologists 
at CoEBio3, but it mostly trains chemistry 
PhD students and postdocs in biotechnical 
experimental techniques for microbiology, 
genetic manipulations and protein science. 
At the moment, around 100 people, including 


The biocatalysis centre at the University of Manchester, UK, is set to lead a Europe-wide training scheme. 
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postdocs and PhDs, are working at the centre, 
but there is scope to grow, says Turner, who 
hopes to link a selection of EU-based centres 
of excellence into a pan-European network. 


DIRECTED GROWTH 

Rozzell says that much progress in biocatalysis 
in recent years is thanks to techniques such as 
directed evolution, in which scientists mutate 
the genes that code for an enzyme, prompting 
them to produce thousands of variants. The 
scientists then pick out the variants that will 
perform best in the desired industrial process: 
those that work well 
at a specific pH or 
temperature, or in the 
presence of a chemi- 
cal that the enzyme 
wouldn't encounter in 
nature. The technique 
allows researchers to 


customize enzymes to 
fit the ideal conditions 
Ee ae for the process. 

Scientists m Directed evolu- 
biocatalysis tion was pioneered 
are helping to by Frances Arnold, 
create amore a molecular biolo- 
sustainable gist at the California 
future. Institute of Technol- 
Nickie Spile ogy in Pasadena, who 


was Moore's mentor 
during his PhD studies. Moore says that over 
the past 15 years, his small group at Merck 
has switched from a laborious microbiologi- 
cal screening technique to exclusive use of 
directed evolution. “We can do 100 times the 
work that we used to do,” he says, adding that 
as the processes become more robust, firms 
will start to use enzymes to make all sorts of 
chemicals. Rozzell notes that more and more 
companies are using directed evolution to 
produce the enzymes that they then use in 
large-scale processes. 

“It’s a field for the future, quite obviously,” 
says Ulf Hanefeld, an organic chemist in the 
biocatalysis group at TU Delft. He cites the 
manufacturing process for atorvastatin, a 
cholesterol-lowering drug now made biocata- 
lytically by Pfizer, as a pharmaceutical success 
for biocatalysis. “There seem to be plenty of 
jobs,” he says, “but the jobs do require flexibil- 
ity about where you are based.” 

One of the biggest motivations to work in 
biocatalysis, suggests Spile, is that scientists in 
the field have a sense of purpose, and that they 
are involved in an activity that could create a 
more environmentally-friendly future. For the 
“sustainably-minded chemist’, biocatalysis can 
offer a satisfying career track. Moore agrees. 
“This is one of the places where I really feel 
I have an opportunity to change the way the 
world thinks,’ he says. m 


Katharine Sanderson is a freelance writer 
based in Toulouse, France. 
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Mid-career crunch 


Some senior scientists feel neglected by the National Institutes of Health’s grant formula. 


BY KENDALL POWELL 


nly a minor spark was needed to set off 
() an online firestorm about the precari- 

ous state of US biomedical research 
funding. In late January on the blog Extra- 
mural Nexus, Sally Rockey, deputy director 
for extramural research at the US National 
Institutes of Health (NIH), announced the 
creation of a committee to advise the NIH on 
the future needs of the biomedical workforce. 
Daniel Noonan, a molecular biologist at the 
University of Kentucky in Lexington, wrote in 
response what he terms a “spontaneous post’, 
outlining what he believes to be 
problems with current NIH poli- 
cies that have disproportionately 
affected funding for mid-career 
biomedical scientists. 

His sentiments struck a chord 
— resonant to some, and off-key 
to others. Noonan’s post made the 
e-mail rounds of academic depart- 
ments and touched off heated 
online debates about whether the 
NIH system is ‘broken’ or headed 
for disaster, given looming budget 
concerns. The agency is facing flat- 
tened budgets for fiscal years 2011, 
2012 and beyond; grant submis- 
sions have the lowest success rates 
in a decade; and policies favour 
new investigators. Mid-career sci- 
entists are under funding pressure, 
and the situation is creating a growing number 
of tenured but unfunded professors. Lacking 
a major NIH grant, these researchers may be 
forced to shrink their staff numbers, or shift to 
teaching, administrative or even non-science 
positions. 

In the interest of stretching funds further, 
Noonan advised the NIH to delay large initia- 
tives such as building the National Center for 
Advancing Translational Science; limit individ- 
ual investigators to three grants or US$1 million 
a year; implement a formula that gives inves- 
tigators with multiple grants less per grant for 
indirect costs from university overheads; fac- 
tor in an investigator’s non-NIH funding when 
deciding whether to provide a grant; and limit 
or eliminate funds for construction projects. 

Applications for NIH grants are scored for 
scientific merit; for investigators beyond the 
early stages of their careers, only those scoring 
in roughly the top 10% get funded. In 2010, 
success rates for RO1 grants — the NIH’s pri- 
mary grant for individual investigators — were 


around 15-25%. “If you lose that one grant- 
renewal opportunity, it’s hard to recover in this 
day and age,” says Noonan. The pool of money 
dedicated to investigator-initiated grants has 
shrunk, he says, and with limited state and 
federal budgets, the NIH needs to find ways to 
generate money from within. 

Rockey has pledged to forward the online 
discussions to the workforce advisory commit- 
tee, which will be chaired by Shirley Tilghman, 
a molecular biologist and president of Prince- 
ton University in New Jersey. But Rockey says 
that no decisions have been made to cap appli- 
cations from individuals. “There are a lot of 


different thoughts about how one might go 
about this,” she says. “We want to have data and 
facts and information before we resort to any 
social engineering of the workforce.” 

Ideas for reform extend beyond unhappy 
individual investigators. The 12,000-member 
American Society for Biochemistry and Molec- 
ular Biology (ASBMB) in Bethesda, Maryland, 
has proposed some recommendations, says 
Benjamin Corb, the society's director of public 
affairs. The ASBMB seeks a cap on the fund- 
ing going to any one person, and suggests that 
money be redirected to the RO1 pool from large 
initiatives that have not made medical break- 
throughs, such as the Genome-Wide Asso- 
ciation Studies programme and the Protein 
Structure Initiative. The ASBMB also proposes 
that the NIH adopta sliding scale, to partially 
fund lower-scoring but meritorious grants. 
The society presented its recommendations to 
six institute directors and Lawrence Tabak, the 
NIH’s deputy director, on 14 March. 

The idea of capping the number of awards to 


individuals has received some attention. Sev- 
eral investigators receive multiple NIH grants: 
a 2008 analysis by Nature found 200 scientists 
who held 6 or more (see Nature 452, 258-259; 
2008). And the ASBMB calculates that in fiscal 
year 2009, 1,600 scientists each received $1 mil- 
lion or more from the NIH. Rockey points out 
that the National Institute of General Medical 
Sciences already has a capping policy — an 
investigator already receiving $750,000 or 
more from any source must justify new grant 
submissions. 

But she emphasizes that such multiple-grant 
holders are rare. “Contrary to popular belief, the 
average NIH-funded scientist holds 
1.4 grants at any one time,’ she says. 
“So there is not a huge cadre of people 
who have eight, nine or ten grants.” 
But she concedes that compared 
with a decade ago, more researchers 
are fighting over the same sized slice 
of pie, as a result of budget doubling 
that has now levelled off. 

“It’s a difficulty for just about 
everybody — early-, mid- or late- 
career — in sustaining NIH fund- 
ing,” says Rockey, noting that 
scientists’ frustrations stem from “a 
lot of pent-up good science going on 
that we are unable to fund.” Tilgh- 
man’s workforce advisory commit- 
tee will try to determine the size 
and composition of the biomedical 
workforce that the NIH can support. 

Not everyone thinks that the NIH needs to 
reconsider how grant funding is apportioned. 
Several scientist bloggers believe that Noonan’s 
comments imply that scientists should have 
access to NIH resources regardless of ability 
or outcomes; they counter that meritocracy 
should rule. One contributor wrote that with 
budgets shrinking, researchers really should be 
concentrating on communicating the value of 
research to the public. 

Rockey advises mid-career scientists facing 
an RO1 renewal to consider a no-cost exten- 
sion (stretching out existing grant funds) for 
another year to gather data or publish results; 
or to try making contingency plans, such as 
seeking bridge funding from their institutions. 
“Your reviewer is taking into account what 
you have already accomplished, so be sure to 
highlight how well your research is going and 
the strengths of your research team,’ she says. 
Rockey’s top recommendation, she says, is to 
seek advice from the relevant grant-review 
programme officer. m 
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ENTANGLEMENT 


BY MARISSA LINGEN 


ver since the quantum universes 
ees I haven't been able to find 
my favourite pen. 

It seems like such a small thing, but there 
itis, or rather, there it isn't: a black fountain 
pen with gold in the nib. I had black ink in it 
at the time, the only black ink I’ve ever found 
that was really dark enough. The grip was 
smoothed to my hand. I’m old-fashioned, I 
guess, but little things like that matter to me. 

I remember losing it at the Midwest 
Medieval History Conference, just as I 
remember putting it neatly away in the 
drawer when I got home. This quantum re- 
entanglement: it’s harder than it sounds. 

I firmly remember my wife always being 
alive, except that I also firmly remember that 
she had a rare kidney infection that killed 
her two years ago. You would think this 
would be a bigger deal than the pen, and it 
is, but there's nothing I can do aboutit. I keep 
thinking the pen must be somewhere, and I 
know where Sara is; she’s right here. Right 
where she’s always been. Except for the two 
years I spent grieving for her every day and 
night. 

Sara has memories of dying, too, which is 
as hard as you might think on her. 
Maybe. She says it could be worse. 
She says she is less afraid. 

Tam more afraid. 

I am afraid of what other worlds 
are going to come in onus ina tangle. 

I am afraid of my job going 
wrong, although it hasn't; they say 
that these worlds were able to re- 
entangle because the large-scale 
events stayed so similar. But I’m afraid next 
time we won't be so lucky. 

lam afraid of losing my wife again. 

As a historian, I study the ins and 
outs of what makes each path, what 
contributes to each decision, and 
I want them to make sense. I want 
them to be inevitable. I want them to 
follow patterns that I can find, so that I 
can say: “If the French had done this, then 
the Burgundians would have done that — 
but they didn't. If the Spanish had responded 
thusly — but no? 

But this, this re-entanglement, it says yes. 

It says they did. It says 


> NATURE.COM that the patterns are 
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A world of possibilities. 


Perhaps if we got back there, I could find 
my pen. 

Perhaps if we got back there, I would lose 
my wife. 

The rest of the world — the rest of these 
united worlds — I don’t know how to say 
it, even. The people around me seem to be 
navigating by touch, by not thinking of what 
they have gained, or what they have lost, in 
this reunification. 

Last month I flew to Germany. I asked peo- 
ple on the street whether it was like their other 
reunification. Most of the people I asked were 
my own age, too young to really remember 
what it was like. I identified myself as a his- 
torian, and they sent me trundling off to an 
old folks’ care home, where people would care 
about history. I should be used to this, in any 
world, in any reality, but the truth is that my 
field is obscure enough that even the elderly 
are presumed not to mind about it. 

The elderly were more like me — more 
disturbed, more upset. I felt fussy among 
them, rebellious against my own interest, 
but I had to ask again, about reunification. 

“The Communists 
did not take my favour- 
ite slippers,” said one 
woman in impeccable 
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English, although I had asked her in Ger- 
man, “and they did not undo the dishes I 
had already done. For my part, I prefer the 
Communists.” 

“Former Communists,” muttered her 
roommate. 

The first woman ignored her. “We 
are Germans. We understand quantum 
mechanics. We understand that we do not 
understand quantum mechanics, and that 
is understanding quantum mechanics. Now 
they tell us that there is re-entanglement and 
that is why the trains are here and gone and 
cats we remember burying are still waking 
us to ask for food. Very well” 

“Very well?” I demanded. “Very well?” 

“Tt is not a cat for you” 

“My wife,’ I wanted to say, but instead, I 
said: “You haven't seen a black fountain pen? 
I think I’ve lost it?” 

“Young man, they never should have told 
us. They should have let us think we were 
confused. We would have each made up sto- 
ries and smoothed it over for ourselves. Now 
we can't go back” 

“Thave to go back,’ I said, but I didn't 
see how, except literally, and the literal 
had never satisfied me. 
I tooka taxi back from the airport. 
I couldn't tell whether I was 
jet-lagged or something 
worse. Quantum mechanics 
would be the death of me, 
I felt sure. I was second- 
guessing every billboard: 
had they changed it while 
I was gone, or had it always 
been like that? Had the 
neighbour pruned her roses, or were 
they supposed to be hydrangeas? My 
house was my house. Surely it would 
be my house. 

There was a red fountain pen in 
the middle of the kitchen desk. I 

had never seen it before. I remem- 

bered buying it on a trip I took 

alone, after my wife Sara was hit 
by acar and died. I uncapped it and 
wrote on the notepad we kept there for 
groceries. The ink was black, blacker than 
any inkTd seen. 

“Sara?” I called into the bedroom. 
“Sara?” = 
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TERRA and hnRNPAI orchestrate an RPA-to-POT1 
switch on telomeric single-stranded DNA 


Rachel Litman Flynn’, Richard C. Centore!*, Roderick J. O’Sullivan**, Rekha Rai**, Alice Tse’, Zhou Songyang”, Sandy Chang", 


Jan Karlseder* & Lee Zou!” 


Maintenance of telomeres requires both DNA replication and telo- 
mere ‘capping’ by shelterin. These two processes use two single- 
stranded DNA (ssDNA)-binding proteins, replication protein A 
(RPA) and protection of telomeres 1 (POT1). Although RPA and 
POT] each have a critical role at telomeres, how they function in 
concert is not clear. POT1 ablation leads to activation of the ataxia 
telangiectasia and Rad3-related (ATR) checkpoint kinase at telo- 
meres’”, suggesting that POT1 antagonizes RPA binding to telo- 
meric ssDNA. Unexpectedly, we found that purified POT1 and its 
functional partner TPP1 are unable to prevent RPA binding to 
telomeric ssDNA efficiently. In cell extracts, we identified a novel 
activity that specifically displaces RPA, but not POT1, from telo- 
meric ssDNA. Using purified protein, here we show that the hetero- 
geneous nuclear ribonucleoprotein Al (hnRNPA1) recapitulates the 
RPA displacing activity. The RPA displacing activity is inhibited by 
the telomeric repeat-containing RNA (TERRA) in early S phase, but 
is then unleashed in late S phase when TERRA levels decline at 
telomeres’. Interestingly, TERRA also promotes POT1 binding to 
telomeric ssDNA by removing hnRNPAI, suggesting that the re- 
accumulation of TERRA after S phase helps to complete the RPA-to- 
POTI switch on telomeric ssDNA. Together, our data suggest that 
hnRNPA1, TERRA and POT] act in concert to displace RPA from 
telomeric ssDNA after DNA replication, and promote telomere cap- 
ping to preserve genomic integrity. 

RPA binds ssDNA in a non-sequence specific manner*, whereas 
POT specifically recognizes ssDNA consisting of the telomeric repeats’. 
RPA plays a key role in DNA replication and activation of the ATR 
checkpoint’, and POT1 suppresses ATR activation at telomeres'” 
(Supplementary Fig. 1). In both yeast and humans, RPA associates with 
telomeres during S phase of the cell cycle”, and is implicated in telomere 
maintenance’*”’. Furthermore, ATR transiently associates with telo- 
meres and suppresses telomere instability”"®’*. These findings raise the 
question of how the bindings of POT1 and RPA to telomeric ssDNA are 
orchestrated and, furthermore, how the interplay between POT1 and 
RPA affects DNA replication and ATR activation at telomeres. 

Double-stranded DNA (dsDNA) with ssDNA overhangs activates 
ATR in human cell extracts’. To investigate how ATR activation is 
suppressed at telomeres, we tested whether telomeric ssDNA over- 
hangs affect ATR activation in this assay. Resected dsDNA of random 
sequences, but not resected telomeric dsDNA, efficiently induced the 
phosphorylation of RPA2 by ATR (Supplementary Fig. 2)", suggesting 
that telomeric ssDNA overhangs do not support efficient ATR activa- 
tion in cell extracts. 

The absence of ATR activation by telomeric ssDNA suggests that 
POT1 may prevent RPA binding to telomeric ssDNA’. POT1 and 
TPP1 function as heterodimers in cells, and the complex binds to 
telomeric ssDNA more efficiently than POT1 alone’*"®. In gel-shift 
assays, the POT1-TPP1 complexes purified from insect or human cells 


and the RPA purified from Escherichia coli efficiently bound to a 
telomeric ssDNA probe (Fig. la and Supplementary Fig. 3a, b). 
POT1-TPP1 exhibited lower affinity for telomeric ssDNA than RPA 
(Supplementary Fig. 3a). When POT1-TPP1 and RPA were co-incu- 
bated with the probe, the RPA~ssDNA complex was readily detected, 
whereas no POT1-containing complexes were observed (Fig. la and 
Supplementary Fig. 3b). In pull-down assays using biotinylated telo- 
meric ssDNA (ssTEL), RPA also outcompeted POT1-TPP1 for bind- 
ing to ssTEL (Fig. 1b and Supplementary Fig. 3c). Thus, RPA, which is 
more abundant than POT1-TPP1 in cells*’’, outcompetes POT1- 
TPP1 for binding to telomeric ssDNA when present at similar con- 
centrations as POTI-TPP1. The E. coli ssDNA-binding protein only 
modestly reduced POT1 binding to ssTEL (Supplementary Fig. 3c), 
suggesting that the ability to outcompete POT1-TPP1 is unique to 
RPA. 

The ability of RPA to outcompete POT1-TPP1 raises the question 
of how ATR activation is suppressed in cell extracts. Purified RPA 
bound to ssTEL and mutated telomeric repeats (ssMUT) efficiently 
(Fig. 1c). In stark contrast to purified RPA, the endogenous RPA in 
HeLa whole-cell extracts (WCEs) was largely excluded from ssTEL; 
however, it still associated with ssMUT (Fig. 1c). The sequence-specific 
exclusion of RPA from ssTEL in WCEs suggests that RPA may be 
outcompeted by other proteins or actively displaced from telomeric 
ssDNA. 

To assess if RPA is actively displaced from ssTEL, we pre-coated 
ssTEL and ssMUT with RPA then incubated them in extracts. The 
levels of RPA on ssTEL gradually declined with increasing concentra- 
tions of WCEs from HeLa, HEK293E, U2OS and MEF cells (Fig. 1d 
and Supplementary Fig. 4a). In addition, HeLa nuclear extracts, but 
not the cytoplasmic extracts, efficiently displaced RPA from ssTEL 
(Supplementary Fig. 4b). In marked contrast to the RPA on ssTEL, 
the RPA bound to ssMUT remained constant regardless of WCE 
concentrations (Fig. 1d). When POT1-coated ssTEL was incubated 
in extracts, POT1 remained stably bound to ssTEL even in high con- 
centrations of WCEs (Fig. le). Furthermore, RPA was rapidly dis- 
placed from ssTEL within 5 min, whereas no POT1 was displaced 
after 60 min (Supplementary Fig. 4c). Thus, the activity that displaces 
RPA from telomeric ssDNA is sequence-specific, protein-specific and 
localized within the nucleus. 

The specific displacement of RPA, but not POT1, from telomeric 
ssDNA prompted us to test if POT1 is the RPA displacing factor. 
When incubated with RPA-ssTEL, POT1-TPP1 did not significantly 
reduce the levels of ssTEL-bound RPA (Supplementary Fig. 5a). To 
identify the RPA displacing factors, we sought to capture the RPA 
displacing activity from extracts using RPA-ssTEL as bait. The proteins 
captured and eluted from RPA-ssTEL, but not RPA-ssMUT, recapitu- 
lated the RPA displacing activity (Fig. 2a). Mass spectrometry analysis of 
the proteins specifically captured by RPA-ssTEL identified hnRNPA1 
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Figure 1 | A novel telomere-specific RPA displacing activity in human cell 
extracts. a, POT1-TPP1 (60 nM; purified from insect cells), RPA (60 nM) and 
mixtures of POT1-TPP1 and RPA (60, 120, 180nM of POT1-TPP1 mixed 
with 60 nM of RPA) were incubated with 20 nM of the ssDNA probe and 
analysed by gel-shift. b, POT1-TPP1 (2.4nM), RPA (2.4nM) and mixtures of 
POT1-TPP1 and RPA (2.4, 4.8, 7.2nM of POT1-TPP1 mixed with 2.4nM of 
RPA) were incubated with 0.8 nM of biotinylated ssTEL ((TTAGGG)g). The 


and hnRNPA2/B1 (Supplementary Fig. 5b, c), both of which are known 
to bind telomeric ssDNA‘. The presence of hnRNPAI and A2/B1 in 
the eluted fraction with RPA displacing activity was confirmed by 
western blot (Fig. 2b). Moreover, hnRNPA1 and A2/B1 gradually 
bound to ssTEL as RPA was displaced in WCEs (Fig. 2c). These results 
suggest that hnRNPA1I and A2/B1 may playa role in RPA displacement. 
hnRNPA1 has been implicated in telomere maintenance’. 
Extracts from hnRNPA1 knockdown cells exhibited reduced activity 
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proteins bound to ssTEL were retrieved by streptavidin beads and analysed by 
western blot. c, Biotinylated ssTEL or ssMUT ((TTTGCG)g) was incubated 
with WCEs or recombinant RPA (rRPA). d, ssTEL or ssMUT pre-coated with 
RPA was incubated with increasing concentrations of HeLa WCEs (0.08, 0.19, 
0.36, 0.8, 1.3 ug pl '). The RPA2 remaining on ssTEL was analysed as in 

b. e, ssTEL pre-coated with POT1 was incubated with increasing 
concentrations of HeLa WCEs (0.07, 0.18, 0.33, 0.66, 1.3 ug ul’). 


in RPA displacement (Supplementary Fig. 6a). Purified hnRNPA1 
efficiently displaces RPA from ssTEL, but not ssMUT (Fig. 2d). 
Furthermore, hnRNPA1 did not displace POT1 from ssTEL 
(Fig. 2e). hnRNPA1 only displaces RPA from ssTEL containing four 
or more telomeric repeats (Supplementary Fig. 6b), indicating that a 
DNA length-dependent binding mode of hnRNPA1 may be needed to 
displace RPA”. Given that hnRNPA1 and A2/B1 are highly homolog- 
ous in the RRM domains that bind telomeric ssDNA, both of these 
hnRNPs may contribute to RPA displacement. 

hnRNPAI not only binds telomeric ssDNA but also TERRA”**. To 
test if TERRA affects the ability of hnRNPA1 to displace RPA from 
ssTEL, we added increasing concentrations of TERRA or control RNA 
to nuclear extracts then incubated the extracts with RPA-ssTEL. RPA 
displacement was virtually abolished by TERRA, but not control RNA 
(Fig. 3a). The RPA displacing activity captured by RPA-ssTEL was also 
specifically inhibited by TERRA (Fig. 3b). Furthermore, the ability of 
purified hnRNPA1I to bind ssTEL and to displace RPA from ssTEL was 
specifically inhibited by TERRA (Fig. 3c and Supplementary Fig. 6c). 
Thus, TERRA is a potent inhibitor of the RPA displacing activity of 
hnRNPAI. 


Figure 2 | RPA displacement by hnRNPAL. a, ssTEL and ssMUT pre-coated 
with RPA were incubated with nuclear extracts (NE). After the incubation, the 
proteins bound to DNA were retrieved, eluted and applied to RPA-coated 
ssTEL or ssMUT (see Supplementary Methods). After the second incubation, 
the remaining RPA2 on DNA was analysed by western blot. b, Proteins 
captured by RPA-ssTEL or RPA-ssMUT and eluted by salt were analysed by 
western blot using antibodies to hnaRNPA1, hnRNPA2/B1 and TRF2. c, RPA- 
coated ssTEL (0.8 nM) was incubated with increasing concentrations of WCEs 
(0.06, 0.24, 0.96 Ug Ll 1). The hnRNPAI and hnRNPA2/B1 bound to DNA and 
the remaining RPA2 on DNA were analysed by western blot. d, RPA-coated 
ssTEL or ssMUT (0.8 nM) was incubated with increasing concentrations of 
purified hnRNPAI (2.4, 4.8, 7.2nM). The remaining RPA2 on DNA was 
analysed as in a. e, POT1-coated ssTEL (0.8 nM) was incubated with increasing 
concentrations of purified hnhRNPAI (2.4, 4.8, 7.2 nM). 
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Figure 3 | Regulation of RPA displacement by TERRA. a, Nuclear extracts 
(34ng ul’) were treated with increasing concentrations (2, 4, 10, 20 nM) of 
TERRA (UUAGGG);, control RNA (CCCUAA); or mock treated. The treated 
nuclear extracts were then incubated with RPA-coated ssTEL (2 nM), and the 
remaining RPA2 on ssTEL was analysed after the incubation. b, The RPA 
displacing factors were captured with RPA-ssTEL as in Fig. 2a. The elution was 
incubated with TERRA or control RNA, then applied to RPA-ssTEL. 

c, Purified hnRNPA1 (4.8 nM) was incubated with increasing concentrations of 


If hnRNPA1 displaces RPA from telomeric ssDNA, how can POT1 
bind to telomeric ssDNA? Given that hnRNPA1 has affinity for both 
telomeric ssDNA and TERRA, the presence of TERRA at telomeres 
may promote the dissociation of hnaRNPA1 from telomeric ssDNA. 
Indeed, when hnRNPA1-coated ssTEL was incubated with TERRA, 
hnRNPAI was stripped from ssTEL (Fig. 3d), showing that hnaRNPA1 
binds telomeric ssDNA dynamically. Furthermore, when hnRNPA1- 
ssTEL was incubated with TERRA and POT1-TPP1, POT] efficiently 
bound to ssTEL as hnRNPA1 was removed by TERRA (Fig. 3e). 

The in vitro results above suggest that the initial displacement of 
RPA from telomeric ssDNA may be performed by hnRNPs when 
TERRA levels are low at telomeres (Fig. 3f). However, if TERRA levels 
rise at telomeres, hnRNPA1 may shuttle between telomeric ssDNA 
and TERRA dynamically. In this situation, both RPA and POT1 may 
have the chance to bind telomeric ssDNA. Because hnRNPA1 only 
displaces RPA, but not POT1, this dynamic process will eventually 
promote POT1 occupancy at telomeric ssDNA. 

This model raises the possibility that the RPA displacing activity 
may be regulated by TERRA during the cell cycle. To test this, we 
generated WCEs from cells in G1, early S, late S and M phases of 
the cell cycle. RPA was more efficiently displaced in the late S- and 
M-phase extracts than in the G1- and early S-phase extracts (Fig. 4a 
and Supplementary Fig. 7a, b). Thus, the RPA displacing activity is low 
in G1 and early S phase, but upregulated in late S phase. 

If TERRA inhibits the RPA displacing activity, its levels should 
inversely correlate with the activity. Furthermore, removal of 
TERRA in early S phase should alleviate the inhibition. Indeed, a 
recent study showed that TERRA levels significantly decrease in late 
S phase and increase again after S phase*. Consistently, telomeric 
TERRA foci declined as cells progressed from early to late S phase 
(Fig. 4b and Supplementary Fig. 7c, d). In addition, RNase A treatment 
of early S-phase extracts significantly enhanced the RPA displacing 
activity (Supplementary Fig. 7e). Together, these results suggest that 
TERRA inhibits RPA displacement in early S phase, and its decline in 
late S phase may provide a window for RPA displacement. 


Proteins captured 


LETTER 


RNA 


by RPA-ssTEL — 4 
RPA-SSTEL - + 


ssTEL- 


hnRNPA‘ e- | ai 
TERRA 
i= 


TERRA or control RNA (2, 4, 10, 20 nM), then incubated with RPA-ssTEL (0.8 
nM). d, hnRNPA1-coated ssTEL (0.8 nM) was incubated with increasing 
concentrations of TERRA (2, 20, 200, 2,000 nM). The remaining hnRNPA1 on 
ssTEL was analysed by western blot. e, hnRNPA1-coated ssTEL (0.8 nM) was 
incubated with increasing concentrations of TERRA (2, 20, 200 nM) in the 
presence of POT1-TPP1 (2.4nM). The hnRNPAI and POT! on ssTEL were 
analysed by western blot. f, A model for RPA displacement. 


The model above also predicts that hnRNPs are necessary for RPA 
displacement from telomeres. Depletion of hnRNPA1 using two inde- 
pendent short interfering RNA (siRNAs) significantly increased the 
fraction of cells displaying RPA foci (Fig. 4c and Supplementary Fig. 
8a-d). Notably, a fraction of the RPA foci in hnRNPA1 knockdown 
cells closely associated with TRE2 foci. Furthermore, increased RPA 
binding at telomeres was detected in hnhRNPA1 knockdown cells by 
chromatin immunoprecipitation (Fig. 4d). In synchronized hnRNPA1 
knockdown cells, RPA binding to telomeres was enhanced in early S 
phase (Supplementary Fig. 9a, b), indicating that even during this 
period some hnRNPAI remains free from TERRA and limits RPA 
binding to telomeres’. In late S/G2, RPA still declined at telomeres 
in hnRNPA1 knockdown cells, possibly owing to the redundancy 
among hnRNPs. 

If the displacement of RPA by hnRNPA1 is a prerequisite for POT1 
binding, POT1 should be needed for RPA exclusion after late S phase. 
To assess this possibility, we treated cells with POT1 siRNA and syn- 
chronized the cells with thymidine as POTI levels declined (Sup- 
plementary Fig. 10a, b). After POT1 knockdown cells and control cells 
were synchronously released, RPA foci appeared in both cell popula- 
tions (Fig. 4e). As control cells entered G2, RPA foci rapidly declined. 
In contrast, the POT1 knockdown cells containing RPA foci that co- 
localized with TRF2 continued to increase. Concomitantly, modest 
Chk1 phosphorylation was detected in POT1 knockdown cells 
(Supplementary Fig. 10c). Thus, reduction of POT1 compromises 
the exclusion of RPA from telomeres after replication”’. 

During early to middle S phase, TERRA sequesters hnRNPs and 
allows RPA to bind telomeric ssDNA at replication forks or telomere 
ends (Supplementary Fig. 1). When TERRA levels decline in late S 
phase, hnRNPs are unleashed to displace RPA from telomeric ssDNA. 
The dynamic binding of hnRNPs to telomeric ssDNA is gradually 
antagonized by TERRA when TERRA reaccumulates at telomeres, 
providing a window for both RPA and POT! to bind. Because only 
POT1, but not RPA, binds to telomeric ssDNA irreversibly in the 
presence of hnRNPs, this dynamic process favours the formation of 
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Figure 4| hnRNPAI and POT! suppress the accumulation of RPA at 
telomeres. a, RPA-coated ssTEL was incubated with WCEs from cells in G1, 
early S, late S and M phases of the cell cycle (see Supplementary Methods). The 
remaining RPA2 on ssTEL was analysed after incubation. Cyclin A and 
phospho-histone H3 serve as cell-cycle markers, and histone H4 as a loading 
control. b, TERRA was analysed by RNA fluorescence in situ hybridization in 
HeLa cells after thymidine release. TRF2 serves as a marker of telomeres. 

c, HeLa cells were treated with hnaRNPA1 siRNA or mock treated, then 
immunostained with antibodies to RPA2 and TRF2 (left panel). The cells with 


POT1-coated telomeric ssDNA. Unlike RPA, POT1 kinks telomeric 
ssDNA and induces its self-recognition**”’. These unique properties of 
POT1 may confer resistance to hnRNP-mediated displacement. The 
cell-cycle-regulated RPA displacement may allow RPA to transiently 
associate with telomeric ssDNA during replication, and prevent per- 
sistent ATR activation at telomeres after S phase. Once coated by 
POT1, telomeric ssDNA may remain capped until the arrival of rep- 
lication forks in the next S phase. Together, TERRA and hnRNPs 
orchestrate a cell-cycle-regulated RPA-to-POT1 switch on telomeric 
ssDNA, ensuring orderly telomere replication and capping. 


METHODS SUMMARY 


To analyse the bindings of RPA and POT1-TPP1 to ssDNA, biotinylated ssDNA 
was attached to streptavidin-coated magnetic beads. Biotinylated ssDNA (1 pmol) 
was incubated with purified protein in 500 ll of binding buffer (10 mM Tris-HCl 
(pH 7.5), 100 mM NaCl, 10 pg ml | BSA, 10% glycerol, 0.05% NP-40). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

ATR activation. To generate the 800-base-pair (bp) telomeric dsDNA fragment, 
the pSTY11 plasmid (a gift from T. de Lange) was digested with EcoRI and the 
excised fragment was gel purified. The 800-bp random sequence dsDNA was 
generated by PCR and column purified. These dsDNA fragments were incubated 
with T7 exonuclease for 15 s at room temperature (approximately 23 °C) and flash 
frozen in an ethanol-dry-ice bath. T7 was inactivated by subsequent incubation at 
70 °C for 20 min and DNA fragments were separated on 2% agarose gel to confirm 
equal resection. The resected DNA fragments were incubated with nuclear extract 
as previously described’*. To monitor specifically the phosphorylation of RPA2 by 
ATR and eliminate the contributions of ataxia telangiectasia mutated (ATM) and 
DNA-PK to RPA2 phosphorylation, nuclear extracts were pre-treated with 20 11M 
KU55933 and NU7026 inhibitors for 15 min at 4 °C. The extracts were mixed with 
the DNA fragments, incubated for 15 min at 37 °C, and RPA phosphorylation was 
analysed by western blot. 

Protein purification. The POTI-TPP1 complex was either purified from 
baculovirus-infected Sf9 cells as previously described’®, or purified from 
HEK293E cells as follows. The pCL-Flag~POT1 and pCL-Flag-TPP1 vectors'® 
were individually transfected or co-transfected into HEK 293E cells. The cells were 
collected after 72h and lysed in the NETN buffer (100 mM NaCl, 1 mM EDTA, 
20mM Tris-HCl (pH 8.0), 0.5% NP-40 and protease inhibitors), sonicated and 
cleared by centrifugation (10,000g for 10 min). The cleared lysates were incubated 
with the M2 anti-Flag antibody-conjugated beads at 4°C for 2h and eluted with 
200g ml’ 3X Flag peptide in buffer A (25mM Tris-HCl (pH 8.0) 100mM 
NaCl, 10% glycerol) for 1 h. Recombinant RPA complex was purified from E. coli 
as previously described”. hnRNPA1 pET9d plasmid (a gift from A. Krainer) was 
transformed into E. coli and expression was induced with IPTG (0.4 mM) for 3 h at 
37 °C. The cells were then collected and lysed in binding buffer (10 mM Tris-HCl 
(pH 7.5), 100mM NaCl, 10p4gml-* BSA, 10% glycerol, 0.05% NP-40). Lysates 
were sonicated, cleared by centrifugation (10,000g for 10 min) and incubated with 
ssTEL- (50 UM) conjugated M280 beads (100 1l) for 30 min at room temperature. 
The ssTEL and associated protein were captured by magnets, washed in binding 
buffer and eluted with 1 M NaCl for 10 min at 4 °C. The eluted protein was then 
diluted in binding buffer without salt to bring the final NaCl concentration down 
to 100 mM. E. coli single-stranded binding protein (SSB) was purchased from 
Promega. 

Gel-shift assay. The 18-nucleotide telomeric ssDNA probe [(TTAGGG)3] was 
radiolabelled with y--’P using T4 kinase and purified over a G25 column. The 
labelled ssDNA was incubated with purified RPA or POT1-TPP1 in binding 
buffer (10 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10 pg ml | BSA, 10% glycerol, 
0.05% NP-40) for 30 min at room temperature. The resulting protein-DNA com- 
plexes were separated by gel electrophoresis using 0.8% agarose at 140 V for 1.5h 
and bands were visualized by autoradiography. 

DNA-protein binding assay using biotinylated ssDNA. Biotinylated ssTEL 
[(ITAGGG)gs] or ssMUT [(TTTGCG)s] were attached to streptavidin-coated 
magnetic beads in 10 mM Tris-HCl (pH 8.0), 100 mM NaCl at room temperature 
for 30 min. To analyse the bindings of purified RPA, POT1-TPP1 and POT! to 
ssDNA, biotinylated ssDNA (1 pmol) was incubated with various amounts of 
purified protein in 500 ul of binding buffer. To analyse the binding of RPA and 
Flag—-POT1 to ssDNA in extracts, biotinylated ssDNA (10 pmol) and various 
amounts of extracts were added to 500 ul of binding buffer. After incubation for 
30 min, the protein-DNA complexes were retrieved with a magnet and washed 
three times with binding buffer. In the experiments using RPA or POT1 pre- 
coated ssDNA, biotinylated ssDNA (1 pmol) was first incubated with purified 
protein (3.8 pmol) for 30 min at room temperature. The ssDNA pre-coated with 
RPA or POT! was retrieved with a magnet and subsequently mixed with increas- 
ing concentrations of WCE, nuclear extract or cytoplasmic extract for 30 min at 
room temperature. For nuclear extract inhibited by addition of TERRA or its 
derivatives (UUAGGG)3, (CCCAUU)3 and (UUGGCG);), extracts were incu- 
bated with 1, 2, 5 or 10 pmol RNA for 30 min at 4°C. 

For hnRNPAI binding, RPA-coated ssTEL or ssMUT (0.8 nM), or Flag~POT1- 
coated ssTEL (0.8nM), were incubated with increasing concentrations of 
hnRNPAI purified from E. coli (2.4, 4.8, 7.2nM) and the proteins remaining on 
ssTEL were analysed by western blot. For TERRA inhibition, hnRNPA1 was pre- 
incubated with increasing concentrations of TERRA (2, 4, 10, 20 nM), or control 
RNA (UUGGCG)3. hnRNPAI was then incubated with RPA coated ssTEL 
(0.8nM). Similarly, to demonstrate that TERRA promotes the dissociation of 
hnRNPAI1 from ssTEL, the ssTEL (0.8nM) was pre-coated with hnRNPA1 
(2.4nM) and subsequently incubated with increasing concentrations of TERRA 
(2, 20, 200, 2,000 nM). To demonstrate that TERRA enhances POT1 binding, 
ssTEL (0.8 nM) was pre-coated with hnRNPA1I (2.4 nM) then incubated with both 
POT! (2.4nM) and increasing concentrations of TERRA (2, 20, 200 nM). In all 
reactions, the proteins remaining on DNA were analysed by western blot. 


Cell synchronization. To follow the progression of cells from S to G2 (Fig. 4b, e), 
HeLa cells were synchronized with 2 mM thymidine for 16 h, washed three times 
with PBS and once with thymidine-free medium, and released into thymidine-free 
medium. To enrich HeLa cells in S phase of the cell cycle (Fig. 4a), cells were either 
collected after treatment for 16h with 2 mM thymidine (early S), or collected 4h 
after thymidine release (late S). To enrich cells in G1 and M phases, cells were 
either collected after treatment for 16h with 0.1 ug ml | nocodazole (M), or 
collected 4h after nocodazole release (G1). 

Extract preparation. WCEs were either generated with the NETN buffer as 
described in the protein purification section, or with the binding buffer used in 
the DNA binding assays. Nuclear extract and cytoplasmic extract were generated 
as previously described’. To treat extracts with TERRA or its derivative RNA, RNA 
was added to WCE or nuclear extract in increasing concentrations (1,2, 5, 
10 pmol) and incubated for 30 min on ice. 

Capture of RPA-displacing activity from extracts. To capture the RPA-displacing 
activity from extracts, RPA-coated ssTEL was incubated with nuclear extract for 
30min at room temperature. The beads were collected, washed three times in 
binding buffer, and eluted using the binding buffer with 1 M NaCl for 10 min on 
ice. The eluted material was collected, and diluted with the binding buffer without 
NaCl to reach a final NaCl concentration of 100 mM. The elution was incubated on 
ice for 1h then added to RPA-coated ssDNA and incubated for 30 min at room 
temperature. For TERRA inhibition, either TERRA (UUAGGG); or its derivative 
(CCCAUU); were incubated with the eluted proteins before their addition to RPA- 
coated ssDNA. The proteins remaining bound to DNA were analysed by western 
blot. 

Identification of the RPA-displacing factors from extracts. Biotinylated ssTEL 
or ssMUT (20 pmol) was attached to streptavidin-coated beads and coated with 
recombinant RPA. The RPA-coated ssTEL or ssMUT was incubated with 65 pug of 
nuclear extract in 500 kl of binding buffer. Beads with no DNA attached were used 
a negative control. After 30 min of incubation, the beads were retrieved and 
washed three times with binding buffer containing 300 mM NaCl. The proteins 
associated with the RPA activity were eluted by binding buffer containing 600 mM 
NaCl for 10 min on ice. The eluted proteins from ssTEL, ssMUT and naked beads 
were separated by SDS-PAGE. After the gel was silver-stained, the two ~30-kDa 
bands specifically captured by RPA-ssTEL were excised and analysed by mass 
spectrometry. 

Immunofluorescence analysis. HeLa cells were seeded onto coverslips and cul- 
tured overnight. The adhered cells were transfected with POT1 siRNA using 
oligofectamine (Invitrogen), or with hnRNPA1 siRNA using Lipofectamine 
RNAi Max (Invitrogen) and cultured for another 48h. Synchronized cells were 
treated after 24h with 2mM thymidine for 16h, washed and released, and pro- 
cessed at the indicated time points. Cells were extracted with 0.25% Triton, fixed in 
3% paraformaldehyde and further permeablized with 0.5% Triton. Cells were 
subsequently incubated with the primary antibodies (diluted in PBS containing 
3% BSA and 0.05% Tween 20) for 1h at 37°C in a humidified chamber. After 
extensive washing with PBS, cells were incubated with secondary antibodies for 
45 min at room temperature, and washed again with PBS. After incubation for 
5 min with DAPI, cells were mounted on slides with Vectashield. Slides were 
analysed using a Nikon H600L fluorescence microscope. 

Combined immunofluorescence-RNA fluorescence in situ hybridization. 
Cells were grown on coverslips and collected at different time points 17h after 
release of single thymidine block. Cells were washed twice with cold PBS for 5 min 
and treated with cytobuffer (100mM NaCl, 300mM sucrose, 3mM MgCh, 
10 mM PIPES pH 7, 0.1% Triton X-100, 200 mM vanadyl ribonucleoside complex) 
for 7 min at 4 °C. Cells were rinsed briefly, fixed with 4% paraformaldehyde in PBS 
(USB 19943) for 10 min at room temperature. Cells were then washed three times 
with PBS for 5 min each and permeabilized with 0.5% NP40 in PBS for 10 min. 
Cells were washed twice with PBS for 5 min each and incubated with blocking 
solution (0.2% fish gelatin and 0.5% BSA) for 1h. Cells were then incubated with 
human TRF2 antibody (clone 44794 Upstate) at 1:2,000 and diluted in blocking 
solution for 2h. After washing three times with PBST (PBS containing 0.1% 
Triton) for 10 min each, the cells were than incubated with secondary antibody 
Alexa 488 (Invitrogen A11001) at 1:2,000 dilution in blocking solution for 1h. 
Cells were washed three times with PBST for 10 min each and were fixed with 4% 
paraformaldehyde in PBS for 10min at room temperature. Cells were rinsed 
briefly with PBS then incubated with hybridization mix (10 nM PNA-TAMRA- 
(CCCTAA) probe, 50% formamide, 2 SSC, 2 mg ml! BSA, 10% dextran sul- 
phate, 10 mM vanadyl ribonucleoside complex) for 18 h in a humidified chamber 
at 39°C. Cells were washed with 2% SSC in 50% formamide three times at 39 °C 
for 5 min each, three times in 2X SSC at 39 °C for 5 min each, and finally once in 2X 
SSC at room temperature. for 10 min. Coverslips were than mounted on glass micro- 
scope slides with Vectashield mounting medium containing DAPI (H-1200). For 
RNaseA treatment, coverslips were incubated with 200 1gml~’ RNase A for 
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30 min at 37 °C before hybridization. Images were captured with an Endore cooled 
CCD (charge-coupled device) camera on a Nikon eclipse 80i microscope and the 
images processed with NIS-Element BR 3.10 software. 

Chromatin immunoprecipitation. RPA chromatin immunoprecipitation and 
the analysis of telomere association were performed as previously described’. 
Cells were transfected twice with hnRNPA1 siRNA (hnRNPA1I-1) and synchro- 
nized with thymidine for 15h. The two RPA2 antibodies used were from Abcam 
and Thermo. 

Antibodies and siRNA. The RPA pS33 antibody was from Bethyl. The mono- 
clonal antibody to RPA2 was from Neomarkers. The anti-FLAG M2 antibody was 
from Sigma. The Chk1 antibody and Cyclin A antibody were from Santa Cruz, and 


LETTER 


the phospho-Chk1 Ser345 antibody was from Cell Signaling. The TRF2 antibody 
was from Bethyl. The phospho-H3 Ser10 antibody was from Millipore. The H4 
antibody was from Active Motif. The hnRNPA1 antibody was from Cell Signaling. 
The POTI1 siRNA used in Fig. 4e and Supplementary Fig. 10 was the 
SMARTPOOL from Dharmacon. The hnRNPA1 siRNAs used in Fig. 4c, d and 
Supplementary Figs 8 and 9 were CAACUUCGGUC-GUGGAGGA and 
UCCACGACCACCACCAAAG. 


30. Henricksen, L. A. & Wold, M. S. Replication protein A mutants lacking 
phosphorylation sites for p34cdc2 kinase support DNA replication. J. Biol. Chem. 
269, 24203-24208 (1994). 
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Caspase signalling controls microglia 
activation and neurotoxicity 


Miguel A. Burguillos’*”, Tomas Deierborg?, Edel Kavanagh’, Annette Persson‘, Nabil Hajji't, Albert Garcia- Quintanilla”, 
Josefina Cano’, Patrik Brundin®, Elisabet Englund’, Jose L. Venero* & Bertrand Joseph! 


Activation of microglia and inflammation-mediated neurotoxicity are suggested to play a decisive role in the 
pathogenesis of several neurodegenerative disorders. Activated microglia release pro-inflammatory factors that may 
be neurotoxic. Here we show that the orderly activation of caspase-8 and caspase-3/7, known executioners of apoptotic 
cell death, regulate microglia activation through a protein kinase C (PKC)-5-dependent pathway. We find that 
stimulation of microglia with various inflammogens activates caspase-8 and caspase-3/7 in microglia without 
triggering cell death in vitro and in vivo. Knockdown or chemical inhibition of each of these caspases hindered 
microglia activation and consequently reduced neurotoxicity. We observe that these caspases are activated in 
microglia in the ventral mesencephalon of Parkinson’s disease (PD) and the frontal cortex of individuals with 
Alzheimer’s disease (AD). Taken together, we show that caspase-8 and caspase-3/7 are involved in regulating 
microglia activation. We conclude that inhibition of these caspases could be neuroprotective by targeting the 


microglia rather than the neurons themselves. 


Numerous in vivo clinical imaging and neuropathology studies sug- 
gest that activated microglia, the resident immune cells of the central 
nervous system, play prominent roles in the pathogenesis of neuro- 
degenerative disorders, including PD, multiple sclerosis and AD”. 
Microglia are necessary for normal brain function; however, uncon- 
trolled and over-activated microglia can trigger neurotoxicity. They 
are a prominent source of pro-inflammatory factors and oxidative 
stress such as tumour-necrosis factor (TNF)-«, nitric oxide and inter- 
leukin (IL)-18, which are neurotoxic’. 

Toll-like receptors (TLRs) are a family of pattern-recognition 
receptors in the innate immune system. Exogenous and endogenous 
TLR ligands activate microglia’. Intracerebral delivery of lipopolysac- 
charide (LPS), the major component of Gram-negative bacterial walls 
and a ligand for TLR4, leads in vivo to microglia activation and neur- 
onal injury, and is used as model for brain inflammation*”. Synergistic 
effects between interferon-y (IFN-y) and several TLR ligands (includ- 
ing TLR4) have been suggested, suggesting crosstalk between these 
pro-inflammatory receptor signalling pathways®. Furthermore, IFN-y 
receptor-deficient mice are less susceptible to LPS-induced endotoxic 
shock than control mice’. Finally, TLR4 has been implicated in AD 
pathophysiology in several contexts. Thus, the upregulation of cyto- 
kines is TLR4 dependent in an AD mouse model’; certain TLR4 single 
nucleotide polymorphisms are associated with increased risk for AD°; 
the levels of TLR4 messenger RNA (mRNA) are upregulated in APP 
transgenic mice’; and increased TLR4 expression is associated with 
amyloid plaque deposition in AD brain tissue’®. 

Caspases, a family of cysteinyl-aspartate-specific proteases, are 
executioners of apoptotic cell death and their activation is considered 
a commitment to cell death'’'?. Certain caspases, for example 
caspase-1, also play a pivotal role in immune-mediated inflammation. 
In this situation, caspase activation is associated with the maturation 
of pro-inflammatory cytokines, such as IL-1, IL-18, IL-33, and not 
with apoptosis’. Inhibition of caspase activation protects against 


neuronal loss in several animal models of brain diseases involving acti- 
vated microglia, including hypoxic ischaemia/stroke, acute bacterial 
meningitis, brain trauma and 6-hydroxydopamine and 1-methyl-4- 
phenyl-1,2,3,6-tetrahydropyridine (MPTP)-lesioned parkinsonism 
models*'*””. Currently, it is unclear whether inhibition of caspase 
activation specifically in microglia contributes to the neuroprotective 
effects of caspase inhibitors. We have now discovered that microglial 
activation in cell and animal models of inflammation involves caspases 
and that inhibition of the cascade in microglia prevents neurodegenera- 
tion. Furthermore, we demonstrate that caspase activation occurs in 
microglia in the brains of individuals with PD and AD, and thereby we 
validate the observations we made in relevant cell and animal models. 


Results 

Caspase-3/7 control microglia activation 

We stimulated BV2 cells with LPS to investigate the molecular path- 
ways involved in microglia activation (Fig. 1). LPS treatment induced 
caspase-3 cleavage and D(OMe)E(OMe)VD(OMe)-ase (DEVD-ase) 
activity after only 4h in BV2 microglia cells in a time- and dose- 
dependent manner (Fig. la and Supplementary Figs 2a, b, e, f and 
5d, e). Increased DEVD-ase activity was also observed upon treatment 
with other pro-inflammogens such as lipoteichoic acid (LTA, TLR2 
agonist), PamC3sk4 (synthetic lipopeptide TLR1/2 agonist) and 
interferon-gamma (IFN-y) (Supplementary Fig. 3a). This activity 
primarily reflects caspase-3/7 activities. Both caspase 3 and 7 are 
known as major apoptosis executioners. Despite the increase in 
DEVD-ase activity, we did not observe major microglia cell death 
within the first 24h after initiating LPS treatment (Fig. 1c and 
Supplementary Figs 2c and 4a-c, e, f) nor with LTA, PamC3sk4 
and IFN-y treatments (Supplementary Fig. 3b, c). Thus, the LPS- 
induced increase in caspase 3 and 7 activity did not result in major 
cell death and the little cell death occurring at 48 h was not prevented 
using the caspase-3/7 inhibitor Z-D(OMe)E(OMe)VD(OMe)-FMK 
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Figure 1 | LPS-induced DEVDase activity regulates microglia activation but 
not cell death. LPS treatment induces DEVDase activity (a) and processing of 
caspase-3 (b), which are not associated with cell death, as illustrated by cell 
survival quantification (c), and absence of PARP cleavage (d) in cultured BV2 
microglia cells. Caspase-3/7 inhibition by DEVD-fmk (a) prevents LPS- 
induced morphological microglia activation (e, f) and induction of typical 
inflammation-related molecules like iNOS (g, h) and IKK-B (g, i) and ROS 
formation (j). STS is used as an apoptosis inducer. Data are expressed as 
mean ~ s.e.m. (n = 3). *P<0.05. 


(DEVD-fmk) (Supplementary Figs 2d and 4d, g). Compared with LPS 
treatment, exposure of BV2 microglia cells to a death stimulus such as 
staurosporine (STS) led to a significantly greater caspase-3 cleavage 
and induction of DEVD-ase activity (Fig. la and Supplementary Fig. 
5d, e). After LPS treatment, we found cleaved caspase-3 to be located 
primarily close to the plasma membrane and not present in the nucleus 
(Fig. 1b, Supplementary Fig. 5a~d and Supplementary Movies 1 and 2). 
Furthermore, we did not observe cleavage of the caspase-3/7 nuclear 
substrate poly(ADP-ribose) polymerase (PARP-1) in response to LPS 
(Fig. 1d) even after long exposure of the membrane (asterisk in Fig. 1d). 
In addition, whereas exposure of BV2 cells to STS promoted Bid pro- 
cessing and loss of mitochondrial transmembrane potential, these two 
events associated with the mitochondrial cell death pathway were 
found to be unaffected upon LPS treatment (Supplementary Fig. 
10a-c). When we inhibited DEVD-ase activity in BV2 cells by exposing 
them to the cell-permeable and irreversible caspase inhibitor DEVD- 
fmk, LPS treatment failed to activate the microglia. Thus, the cells did 
not exhibit morphological changes associated with microglia activation 
(Fig. le-f) and did not show features of activated microglia, such as IkB 
kinase complex B (IKK-B), inducible nitric oxide synthases (INOS) and 
reactive oxygen species (ROS) formation (Fig. 1g-j). Co-treatment with 
DEVD-fmk also prevented the LTA, PamC3sk4 and IFN-y-induced 
iNOS expression and ROS formation (Supplementary Fig. 6a-e). 
Caspase-3 and -7 account for cellular DEVD-ase activity. We there- 
fore decided to assess their respective roles in microglia activation by 
selectively knocking down endogenous caspase-3 (Supplementary 
Fig. 7a, b) or caspase-7 (Supplementary Fig. 7c, d) using a pool of 
small interfering RNAs (siRNAs). First, we confirmed that the silen- 
cing of these proteases effectively decreased DEVD-ase activity (Sup- 
plementary Fig. 7e). Then, when we transfected BV2 microglia cells 
with siRNA targeting specifically either one of the two caspases, LPS- 
treatment did not induce iNOS, IKK-B expression, ROS formation 
and production of certain cytokine production (IL-1B, TNF-« and 
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murine keratinocyte chemoattractant) as effectively (Fig. 2a, b and 
Supplementary Fig. 7f-i). We found that silencing both caspases 
simultaneously reduced IKK-f expression even further (Supplemen- 
tary Fig. 7f). This indicates that DEVD-ase activity per se regulates 
microglia activation (Fig. 2 and Supplementary Fig. 7). Similar res- 
ponses to caspase-3 and -7 knockdowns were observed with LTA, 
PamC3sk4 and IFN-y treatments (Supplementary Fig. 8a-i). Activa- 
tion and nuclear translocation of nuclear factor KB (NF-KB) is a key 
step in LPS-induced microglia activation’*. NF-«B is sequestered in 
the cytoplasm by the IkB family of inhibitory proteins that mask the 
nuclear localization signal of NF-«B. IKK-B can phosphorylate IB, 
and thereby target it for degradation through the ubiquitin protea- 
some pathway. As a consequence, functional NF-kB molecules then 
become free to enter the nucleus. We detected less nuclear NF-KB p65 
subunits in cells subjected to knockdown of caspase-3 or caspase-7 
before LPS treatment (Fig. 2c, d), indicating that reduced caspase 
activation led to less nuclear translocation of NF-«B. Finally, using 
microglia cells co-cultured with dopaminergic neurons, we examined 
whether the inhibition of the IKK/NF-«B pathways by selective 
knockdown of caspase-3 or/and capase-7 was associated with loss 
of microglia neurotoxicity. In agreement with earlier studies’, LPS 
treatment activated microglia and caused dopaminergic neurons to 
die. Importantly, we found that reducing the LPS-induced microglia 
activation by caspase knockdown meant that fewer co-cultured dopa- 
minergic neurons died (Fig. 2e, f). Also, we checked the level of several 
cytokines in primary microglial cell cultures at 12 and 24h, and 
observed a decrease of IL-18 and IL-5 with both DEVD-fmk and 
IETD-fmk, and of IL-2 and IFN-y at 12h when we used IETD-fmk 


(Fig. 2g). 


Caspase-8 directs caspase-3/7 activation 

We then examined how caspase-3/7 are activated in LPS-treated micro- 
glia. LPS treatment has been reported to promote caspase-1 activation”. 
Caspase 1 is a key component of the inflammasome required for the 
processing and maturation of pro-inflammatory cytokines. It plays a 
pivotal role during LPS-induced inflammation. Therefore caspase-1 
null mice and mice expressing a dominant-negative mutant caspase-1 
gene exhibit reduced LPS-induced inflammation”’”*. Consequently, we 
examined if caspase-1 acts upstream of caspase-3/7 in LPS-induced 
microglia activation. We found that the caspase-1 inhibitor YVAD- 
fmk did not reduce LPS-induced activation of microglia, as assessed 
by DEVD-ase activity (Fig. 3a). 

Caspase-8 is believed to be at the apex of the death receptor- 
mediated apoptosis pathway and can activate caspase-3/7 (refs 23- 
25). We found that LPS induced caspase-8 activity (IETD-ase) within 
6h of being added to BV2 microglia cultures (Fig. 3b, c). Consistent 
with this result, we observed that the caspase-8 inhibitor IETD-fmk or 
caspase-8 knockdown using siRNA prevented LPS-induced DEVD- 
ase activity (Fig. 3a, d). The IETD-fmk treatment or caspase-8 silen- 
cing only prevented the LPS-induced increase in DEVD-ase activity, 
whereas the caspase inhibitor DEVD-fmk reduced the DEVD-ase 
activity even further (Fig. 3a, c). Knockdown or chemical inhibition 
of caspase-8 were also associated with a reduction of iNOS expression 
and ROS formation upon treatment with all tested pro-inflammogens 
(that is, LPS, LTA, PamC3sk4 and IFN-7) (Fig. 3e, f and Supplemen- 
tary Figs 7i, 8a-i and 9a, b). Other known potential caspase-8 sub- 
strates, namely Bid, HDAC7 and RIP1, were found not to be processed 
upon LPS treatment (Supplementary Fig. 10 b-f). Taken together, 
this indicates that the LPS-induced increase in DEVD-ase activity 
is dependent on caspase-8 activation. Furthermore, we found that 
the caspase-8- and caspase-1-initiated pathways had additive effects 
in the regulation of LPS-induced iNOS expression (Supplementary 
Fig. 9c, d). This suggests that both of these caspase-regulated path- 
ways contribute to LPS-induced inflammation. We also examined if 
the observed DEVD-ase activity and that of caspase 6, the remaining 
executioner caspase, were correlated. However, we were unable to 
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Figure 2 | Knockdown of caspase-3 or caspase-7 
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detect any VEID-ase activity (related to caspase-6) in cells upon LPS 
treatment. Pretreatment with VEID-fmk, a caspase 6 inhibitor, did not 
affect LPS-induced DEVD-ase activity, indicating that this protease 
does not play an essential role in the activation process (Supplemen- 
tary Fig. 11a, b). 


The caspase signalling depends on TLR4 

We then examined further the link between TLR4 ligation and activation 
of caspase-8. Selective knockdown of TLR4 (Supplementary Fig. 12a) 
was associated with a reduced caspase-8 activation and consequent 
caspase-3 activation, providing evidence for a direct activation of 
caspase-8 by TLR4 ligation (Supplementary Fig. 12b, c). Apoptosis 
after TLR2 activation has been reported to be associated to the forma- 
tion of a myeloid differentiation factor 88 (MyD88)/Fas-associated 
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Figure 3 | Caspase-8 activity controls LPS-induced caspase-3/7 activation. 
Caspase-8 inhibition by IETD-fmk, but not caspase-1 inhibition by YVAD- 
fmk, prevents LPS-induced DEVDase activity (a). LPS treatment induces 
caspase-8 (IETDase) activity, which is inhibited by IETD-fmk (b) or specific 
siRNA targeting caspase-8 (c) in BV2 cells. Treatment with Fas ligand was used 
as positive control for IETDase activity induction (b). Caspase-8 knockdown 
using siRNA prevents LPS-induced DEVDase activity (d). siRNA knockdown 
of caspase-8 prevents LPS-induced expression of iNOS (e, f). Data are 
expressed as mean = s.e.m. (n = 3). *P < 0.05. 


death domain protein (FADD)/Caspase-8 complex”®. To assess the 
potential role of this complex in TLR4 ligation-induced microglia 
activation, we knocked down MyD88 by siRNAs (Supplementary 
Fig. 12d). We observed that downregulation of MyD88 did not affect 
LPS-induced activation of caspase-3 and caspase-8 (Supplementary 
Fig. 12e, f), suggesting that TLR4 ligation-induced microglia activation 
did not act through recruitment of the MyD88/FADD/caspase-8, as is 
the case for TLR2 ligation-induced apoptosis**”’. 

Microglia activation can be regulated by autocrine signalling of TNF-a 
by the TNF receptor 1 (TNFR1) secreted by LPS-stimulated micro- 
glia**. To examine whether we were observing a secondary effect, 
induced by autocrine signalling of 'TNF-« excreted by LPS-stimulated 
microglia cells, we investigated the effect of neutralizing TNF-« receptor 
antibodies on LPS-induced caspase-3 and caspase-8 activities*® (Sup- 
plementary Fig. 13a-d). Selectively blocking the TNF-a receptor resulted 
in decreased LPS-induced iNOS expression at 24h, thus confirming the 
TNF-z positive feedback loop exerted on microglia cells (Supplementary 
Fig. 13e). However, it failed to affect the LPS-induced caspase-3 and 
caspase-8 activities (Supplementary Fig. 13a—-d). Thus, this experiment 
demonstrates that the caspase-signalling pathway is directly activated, 
independently of TNF-a receptor stimulation, upon LPS treatment. 


Cleaved PKC-6 mediates effect of caspases 

We then explored how activated caspase-3/7 interacts with the IKK/ 
NF-«B pathway during LPS-induced microglia activation. PKC-6 has 
been reported to regulate NF-«B activation through the IKK complexes 
and phosphorylation of the NF-«B inhibitor IxB”*°. Interestingly, 
PKC-6 can be cleaved by caspases to generate a 40 kDa catalytically 
active fragment’. Because the levels of this protein are quite low in this 
cell line, we decided to overexpress PKC-6 to detect the cleaved form 
(Supplementary Fig. 14a). We found that LPS treatment of BV2 micro- 
glia cells promoted cleavage of PKC-6 into its 40-kDa active fragment 
(Fig. 4a, b). We found that the caspase inhibitor DEVD-fmk or selective 
siRNA knockdown of capase-3 or caspase-7 reduced LPS-induced 
PKC-6 activation. Therefore, in this context, PKC-6 activation is 
dependent on DEVD-ase activity (Fig. 4c, d). We then obtained further 
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evidence supporting that PKC-8 activation is important in microglia 
activation. First, we found that the PKC-6 inhibitor rottlerin inhibits 
LPS-induced iNOS expression in microglia (Fig. 4e, f). Second, if we 
overexpressed in microglia cells a caspase-uncleavable mutant of 
PKC-6, we observed a decrease of LPS-induced iNOS expression 
(Fig. 4g, h). By contrast, when we overexpressed PKC-6, we further 
enhanced the activating effect of LPS on microglia (Supplementary 
Fig. 14b). Also, we observed a marked decrease of all cytokines in 
primary microglial cell cultures after being challenged with rottlerin 
(Fig. 4i). Taken together, our experiments demonstrate that the 
caspase-3/7-dependent activation of microglia by LPS is mediated 
through PKC-6. 


Role of the caspase signalling in vivo 

To examine the physiological relevance of these findings, we per- 
formed in vivo experiments and injected LPS into the rat substantia 
nigra. The substantia nigra is known to exhibit a strong inflammatory 
response upon LPS challenge*. At 24h after injection (Fig. 5a—-c), we 
observed a strong induction of caspase-8 and activation of caspase-3, 
which was mostly confined to reactive microglia in the mesencephalon 
on the injected side (Fig. 5b, c). By contrast, microglia were quiescent in 
the contralateral control midbrain (Fig. 5a). To study if caspase-3/7 
activation is important for microglia activation also in vivo, we 
co-injected DEVD-fmk with LPS. Twenty-four hours later, we found 
that caspase-3/7 inhibition prevented LPS-induced microglia activa- 
tion (Supplementary Fig. 15a, b). At the molecular level, we observed 
that the DEVD-fmk treatment mitigated LPS-induced expression of 
cytokines and pro-inflammatory molecules including iNOS, TNF-« 
and IL-1 (Fig. 5d). As a final step, we examined if our earlier in vitro 
findings about the role of PKC-6 in caspase-mediated microglia activa- 
tion are relevant in vivo. We injected LPS intranigrally with IETD-fmk, 
DEVD-fmk or rottlerin. Twenty-four hours later, we dissected the sub- 
stantia nigra and measured the iNOS protein level. In agreement with 
our in vitro data, we found that inhibition of caspase-8, caspase-3/7 or 
PKC-6 activities significantly decreased LPS-induced iNOS expression 
(Fig. 5e, f). 
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Figure 4 | Caspase-3/7 regulates microglia activation through the PKC-6 
pathway. Caspase-3/7 inhibition by DEVD-fmk (a, b) or by siRNA 
knockdown (c, d) prevents LPS-induced PKC-6 cleavage/activation in BV2 
microglia cells. PKC-6 inhibition by rottlerin mostly abolishes LPS-induced 
activation of iNOS (e, f). Overexpression of PKC-6 D327A, a caspase 
uncleavable PKC-6 mutant, has an inhibitory effect on LPS-induced iNOS 
expression (g, h). Rottlerin treatment reduces LPS-induced cytokine expression 
at 12 and 24h in primary microglia cell culture (i). Data are expressed as 
mean + s.e.m. (n = 3) and +s.d. (n = 4) ini. *P < 0.05. Ini, ** denotes 
statistically significant difference between treatments P < 0.001, concerning 
time and treatment. 
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To substantiate further our observations in the rat LPS model, we 
monitored the activation of microglia in the MPTP-lesion mouse model 
of PD. Consistent with earlier work, mice injected systemically with 
MPTP showed a strong microglial activation and a robust neurotoxicity 
in ventral mesencephalic dopamine neurons”. Intranigral vehicle injec- 
tions in sham animals (saline containing 1% DMSO) greatly increased 
the density of reactive microglia, as evidenced by Ibal immunohisto- 
chemistry (Supplementary Fig. 15c, d). Consequently, we quantified the 
numbers of reactive and resting microglia in Ibal-immunostained 
sections covering injection and non-injection sites for each experi- 
mental condition (Fig. 5g,h and Supplementary Fig. 15c, d). As 
expected, the density of reactive microglia at the non-injection site 
was highest in the MPTP group and dramatically lower in the sham 
(no MPTP) group. Interestingly, caspase 8 inhibition significantly pre- 
vented the MPTP-induced microglia activation and the MPTP-induced 
reduction in the density of resting microglia (Fig. 5g, h). Similar results 
of IETD-fmk were observed at the injection site (Supplementary Fig. 
14c, d). As expected, MPTP injections severely reduced the integrity of 
nigro-striatal dopaminergic terminals (Supplementary Fig. 15e-g). 
Intranigral IETD-fmk injection induced a modest, but significant, pro- 
tection against MPTP-induced toxicity as demonstrated by densito- 
metric analysis of surviving striatal dopaminergic terminals and 
stereological cell counts in the substantia nigra (Supplementary Fig. 
15e-g). 


Caspase activation in human brains 

PD and AD are known to be associated with neuroinflammation 
and the presence of activated microglia***. We investigated whether 
caspase-3 and caspase-8 are activated in microglia of individuals with 
PD and AD. We analysed expression of cleaved caspase-3, cleaved 
caspase-8 and the microglia marker CD68 in post-mortem brain 
samples from individuals with PD and AD (clinically as well as neu- 
ropathologically diagnosed) and age- and gender-matched healthy 
control brains. We detected significant cytoplasmic expression of both 
active caspase-3 and active caspase-8 in the PD ventral mesencephalon 
and in the AD frontal cortex, compared with controls (Fig. 6a—d and 
Supplementary Figs 16-19). The activated caspases and the microglial 
marker CD68 were largely co-localized, indicating that caspase-8 and 
caspase-3 are activated mainly in microglia in PD and AD (Fig. 6 a-d 
and Supplementary Fig. 20a, b). 


Discussion 

In this study, we uncover a completely novel role for caspase-8 and 
caspase-3/7 in the control of microglia and brain inflammation. We 
show that stimulation of microglia with the pro-inflammatory stimuli 
LPS, LTA, PamC3sk4 and IFN-y triggers caspase-3/7 activation, with- 
out causing cell death. Caspases are proteases essential for apoptosis and 
inflammation. Caspase-1 is already known as the prototypical inflam- 
matory caspase, required for the maturation of pro-inflammatory cyto- 
kines. By comparison, the initiator caspase-8 and effector pro-apoptotic 
caspase-3 and caspase-7 are considered crucial in the intracellular death 
machinery. Unexpectedly, we showed that caspase-3/7-dependent 
DEVD-ase activity controls LPS-induced microglia activation. We 
demonstrated that inhibition of the caspase-3/7 pathway effectively 
block microglia activation. For example, we observed fewer microglia 
with an activated phenotype in the presence of the caspase inhibitor 
DEVD-fmk and inhibition of the downstream IKK/NF-«B pathways. 
We also reveal that caspase-3/7 activates the IKK/NF-«B pathways 
through processing and activation of PKC-6. Furthermore, we found 
that microglia exposed to the pro-inflammatory agent LPS failed to be 
toxic to neighbouring neurons when we inhibited caspase-3/7 chemically 
or by siRNA gene silencing. Importantly, we provide compelling evid- 
ence that active caspases 3 and 8 are expressed within reactive micro- 
glia in the ventral mesencephalon and frontal cortex of individuals with 
PD and AD, respectively. 
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LPS Figure 5 | In vivo inhibition of the caspase- 
perece: MRNA levels (%) LPS DEVD-fmk dependent pathways prevents microglia 
iNOS 100+2.0 4547.2* activation. In vivo injection of LPS in rat substantia 
TNF-a 100+1.8 56+2.1* nigra (insert in a) induced activation of caspase-8 
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OE 90") (g, h). Data are expressed as mean + s.e.m. (n = 3). 
zs E 800 - SNr, substantia nigra pars reticulata; SNc, 
2 & 6004 pk, Substantia nigra pars compacta. Scale bars: 
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SL 90] x | photographs; j, 400 and 100 jim for low- and high- 
0 magnification photographs. *P < 0.05; ** denotes 
Activated Resident statistically significant difference between MPTP in 
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To summarize, we present new non-apoptotic functions for 
caspases-8, -3 and -7 and show that they can have a pivotal role in 
inflammation of the central nervous system (Supplementary Fig. 1). 
Brain inflammation is a typical feature of neurodegenerative dis- 
eases'*** and is a prominent sequel of many acute forms of brain 
injury (for example, trauma, encephalitis and stroke)****. Under 
certain circumstances, neuroinflammation is known to promote 
neuronal death*’. Accordingly, previous studies have shown that 
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Figure 6 | Activation of caspase-3 and caspase-8 in microglia in brain from 
individuals with PD and AD. Double immunolabelling and confocal imaging 
analysis show significant activation of caspase-8 and caspase-3, mostly localized 
in CD68-labelled microglia, in the ventral mesencephalon from patients with 
PD (a, b) and in the frontal cortex of patients with AD (c, d) compared with age- 
and gender-matched healthy controls. Confocal images of immunostaining 
with cleaved caspase-3 (a, c) or cleaved caspase-8 (b, d), together with CD68 
antibodies, are depicted. Merge from a control and an individual with AD 
illustrates the absence of cleaved caspase 3/caspase staining in Hoechst-labelled 
nuclei in reactive microglia (c, d). Scale bar, 10 um. 
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anti-inflammatory treatment can reduce neurodegeneration. Our dis- 
covery that the caspases-8, -3 and -7 cascade can promote neuroin- 
flammation through IKK/NF-«B and PKC-6, with the development of 
nanocarriers that allow the inhibitor to cross the blood-brain barrier, 
opens up new molecular targets for anti-inflammatory drugs”. 
Considering that these caspases also regulate apoptotic neuronal death, 
our results should revitalize interest in caspase inhibitors as potential 


therapeutic agents in disorders of the central nervous system*”“'. 


METHODS SUMMARY 


Microglial BV2 and dopaminergic MN9D murine cells were cultured as 
described***’. Experiments were performed in reduced 5% FCS media. 
Transfection of BV2 cells used Lipofectamine 2000 (Invitrogen). Non-targeting 
control, caspase-3, caspase-7 and caspase-8 siRNA were obtained from 
Dharmacon. Single and co-cultures were exposed to 1 pg ml”! LPS. Primary 
microglial cells were prepared from postnatal day 1-3 mouse brain using a prev- 
iously described protocol". Cytokine content was assayed using the Mouse TH1/ 
TH2 9-PlexTissue Culture Kit (Meso-scale Discovery). DEVD-fmk (20 uM), 
IETD-fmk (20 uM), YVAD-fmk (20 1M), rottlerin (2 uM) or TNF R1 mouse 
Ab (20 ngml_') were added to the media 1h before LPS treatment. Under 
approved protocols, male albino Wistar rats (230-250 g) were intranigrally 
injected with 2 1g LPS alone or in combination with 0.75 nmol DEVD-fmk or 
0.75 nmol IETD-fmk. Rottlerin (20 mg kg _') was administered intraperitoneally. 
Twenty-four hours after surgery, rats were killed and brains processed for ana- 
lysis. Male C57BL mice were intranigrally injected with vehicle or 0.75 nmol 
IETD-fmk. Twelve hours later, animals were treated with four injections of 
MPTP (16 mgkg’ ') at 2-h intervals. Four days after the last injection, animals 
were killed and brains processed for analysis. Paraffin-embedded archival tissue 
blocks from autopsy on three individuals with PD and three individuals with AD 
were obtained from the Department of Pathology, Lund University Hospital, 
Sweden. Age-matched controls (cardiac arrest victims, no brain disease) were 
analysed at the same time. Histological, immunological and fluorescence-acti- 
vated cell sorting (FACS) analyses using antibodies listed in Supplementary Table 
1 were performed using standard procedures****-*’. The subcellular localization 
of cleaved caspase-3, cleaved caspase-8 or NF-KB p65 protein was determined by 
confocal microscopy. Quantitative PCR with primers listed in Supplementary 
Table 2 were performed using SensiMixPlus SYBR (Quantace). MTT, caspase 
activity assay, apoptosis quantification and FACS analysis have been previously 
described*. Statistical evaluations were performed by one- or two-way analysis of 
variance with Bonferroni post hoc tests and Kolmogorov-Smirnov test. 
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Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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. Apoptosis and caspases in neurodegenerative diseases. N. Engl. 


A.B.and T.D. performed primary cell culture 
experiments and cytokine analysis. E.K. collaborated in performing the caspase activity 


METHODS 


Reagents. LPS (from Escherichia coli, serotype 026:B6; Sigma), staurosporine 
(STS; Sigma), MPTP (Sigma), agonist anti-Fas monoclonal antibody clone 
CH11 (MBL), agonist anti- TNF-« (R&D Systems), the caspase-3/7 inhibitor 
benzyloxycarbonyl-Asp(OMe)-Glu(OMe)-Val-Asp(OMe)-fluoromethylketone 
(DEVD-fmk), the caspase-8 inhibitor benzyloxycarbonyl-Ile-Glu(OMe)- 
Thr-Asp(OMe)-fluoromethylketone (IETD-fmk), the caspase-6 inhibitor 
benzyloxycarbonyl-Val-Glu(OMe)-Ile-Asp(OME)-fluoromethylketone (VEID- 
fmk), the caspase-1 inhibitor benzyloxycarbonyl-Tyr-Val-Ala-Asp(OMe)-fluoro- 
methylketone (YVAD-fmk; MP Biomedicals) and the PKC-6 inhibitor Rottlerin 
(Calbiochem) were used in this study. Plasmids encoding PKC-6 and EGFP-PKC-6 
D327A were gifts of L. Hjorstberg and M. Reyland respectively. ON- TARGET plus 
SMARTpools siRNAs were purchased from Dharmacon (Supplementary Table 3). 
Animals and surgery. Animals used in this study were obtained from the Center 
of Production and Animal Experimentation (Espartinas, Spain) and NMRI 
(Charles River, Germany). Experiments were performed in accordance with 
the Guidelines of the European Union Council (86/609/EU), following Spanish 
and Swedish regulations for the use of laboratory animals and approved by the 
Scientific Committee of the University of Seville and Lund University. Intranigral 
injections were made 5.8 mm anterior, 2.0 mm lateral and 8.0 mm ventral to the 
bregma in rat, and 3.1 mm anterior, + 1.2 mm lateral and 5.1 mm ventral from 
bregma in mouse. 

Co-culture and neuronal cell death assay. Microglial BV2 and dopaminergic 
MN9D murine cells were cultured as described***’. MN9D dopaminergic neuronal 
cells were stained with CellTracker Green CMFDA (Invitrogen) before BV2 micro- 
glia cells transfected with caspase-3 siRNA, caspase-7 siRNA or non-targeting 
siRNA were plated on them. After 24h, cells were treated with LPS and incubated 
for an additional 24h. They were then fixed with 4% paraformaldehyde and stained 
with 0.1 mgml' Hoechst for quantification of neuronal cell death. 

Primary cultures. Primary mouse microglial cells were plated for at least 48h 
before the experiments (ethical permit M302-09). Cells were pretreated with 
inhibitors (20 uM DEVD-fmk, 20 1M IETD-fmk and 2 1M Rottlerin 1h before 
with 100 ng ml’ LPS treatment) “. 

Human brain. Human brain tissues from patients with PD of 5, 9 and 15 years’ 
duration, respectively, and age-matched controls were used in this study*’. The 
region investigated was the anterior mesencephalon covering the substantia nigra. 
Frontal cortex from patients with AD of 4, 10 and 14 years’ duration and controls 
were also used (Regional Ethical Review Board, Lund (Sweden) 2009-646/2010-25). 
The patients with dissimilar disease duration exhibited different degrees of severity 
of brain disease, reflecting different stages of the degenerative process. All sections 
were stained with haematoxylin-erythrosin and with antibodies against caspase 3, 8 
and microglia, CD68 (see below). They were microscopically reviewed for verifica- 
tion of pathology. Before the investigation, the entire collection of brain sections, 
15-20 per individual including the mesencephalic section, were subjected to a 
neuropathological whole-brain analysis for clinical diagnostic purposes, according 
to routine procedures at the Department of Pathology, Division of Neuropathology, 
Lund University Hospital. The project procedures involving human brain tissue 
were approved by the Regional Ethical Review Board in Lund, Sweden. 
Immunofluorescence and laser scanning confocal microscopy. Paraformaldehyde- 
fixed cells were blocked in PBS/3% goat serum/0.3% triton X-100 and incubated 
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with the indicated primary (4 °C, overnight) and AlexaFluor 488 or 594 conjugated 
anti-IgG used as secondary antibodies (room temperature, ~22 °C, 1 h; Molecular 
Probes). Nuclei were counterstained with DRAQS™ (1 uM, Alexis), Hoecsht 
(lug ml ', Molecular Probes) or DAPI (1 Lug ml ', Molecular Probes). Alexa- 
555-conjugated cholera toxin B (CTB; 10 1g ml‘; Molecular Probes) was used 
to stain lipid rafts on the plasma membrane. Protein subcellular localization was 
analysed under a Zeiss 510 META or Leica TCS-SP2 confocal laser scanning 
microscope. The nuclear translocation of the NF-«B p65 subunit was quantified 
using multicolour three-dimensional plug-in from Leica Confocal software and 
measured as the percentage of co-localization of DRAQS5"™ with NF-KB p65 inside 
the nucleus. 

FACS analysis. Quantification of cells with cleaved caspase-3 and cleaved 
caspase-8 was performed with a FACSCalibur flow cytometer (Becton 
Dickinson) using standard procedures. Analysis of data was performed using 
Cell Quest software”. 

Immunohistology and immunohistochemistry. Rats and mice were perfused 
through the heart under deep anaesthesia with 4% paraformaldehyde/PBS, pH 7.4. 
Brains were removed, cryoprotected in sucrose and frozen in isopentane at — 15 °C; 
serial coronal sections (25- and 30-|um sections, for rat and mice, respectively) cover- 
ing the striatum and the substantia nigra were cut with a cryostat and mounted on 
gelatin-coated slides”’. Sections were incubated with the indicated primary antibod- 
ies. After three washes, sections were incubated with biotinylated horse anti-mouse or 
goat anti-rabbit IgG (Vector) followed by an incubation with ExtrAvidin-Peroxidase 
solution (Sigma) and for immunofluorescence by a fluorescein isothiocyanate 
(FITC)-conjugated anti-rabbit and Texas Red anti-mouse antibody (Vector). The 
peroxidase was visualized with a standard diaminobenzidine/hydrogen reaction for 
5 min. For paraffin-embedded human tissue material, sections (5 um) were mounted 
on capillary glass slides (DAKO). Sections were microwaved pre-treated in 10 mM 
citrate buffer pH 6.0 for 15 min at 800 W for antigen retrieval. An automated immu- 
nostainer (TechMateTM 500 Plus, DAKO) was used for the staining procedure using 
DAKO ChemMate Kit Peroxidase/3-3’ diaminobenzidine. The indicated primary 
antibodies were used. 

Quantification of microglial population in animal models. Reactive and 
resident microglial cells were counted in LPS-injected rats and MPTP-exposed 
mice detected by Ibal immunohistochemistry based on morphological features. 
For each animal, eight sections covering the entire antero-posterior ventral 
mesencephalon were analysed. For each section, four photographs were taken 
at X20 magnification (two for each substantia nigra) and microglial cells were 
counted with the analySIS software. 

Quantification of the striato-nigral dopaminergic system. Tyrosine hydroxylase 
immunohistochemistry in the striatum of mice intoxicated with MPTP was quan- 
tified using a computer-assisted software (analySIS). For the quantification, five 
striatal sections from each condition, processed under identical experimental con- 
ditions, were scanned at high resolution. The striatal region was delineated and its 
optical density measured based upon a calibrated grey scale. Quantification of 
tyrosine-hydroxylase-positive cells in the substantia nigra was performed accord- 
ing to a modified stereological approach using the Olympus CAST-Grid system. 
The area of the substantia nigra region was estimated using the principle of 
Cavallieri. All data were collected while blind to experimental treatment and 
expressed as number of neurons per substantia nigra. 
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Crystal structure of metarhodopsin II 


Hui-Woog Choe!*, Yong Ju Kim", J ung Hee Park", Takefumi Morizumi!+, Emil F. Pai?, Norbert Kraufs*, Klaus Peter Hofmann’, 


Patrick Scheerer! & Oliver P. Ernst!+ 


G-protein-coupled receptors (GPCRs) are seven transmembrane 
helix (TM) proteins that transduce signals into living cells by 
binding extracellular ligands and coupling to intracellular hetero- 
trimeric G proteins (GaBy)'. The photoreceptor rhodopsin couples 
to transducin and bears its ligand 11-cis-retinal covalently bound 
via a protonated Schiff base to the opsin apoprotein’. Absorption 
of a photon causes retinal cis/ trans isomerization and generates the 
agonist all-trans-retinal in situ. After early photoproducts, the 
active G-protein-binding intermediate metarhodopsin II (Meta II) 
is formed, in which the retinal Schiff base is still intact but depro- 
tonated. Dissociation of the proton from the Schiff base breaks a 
major constraint in the protein and enables further activating steps, 
including an outward tilt of TM6 and formation of a large cytoplas- 
mic crevice for uptake of the interacting C terminus of the Ga 
subunit*°. Owing to Schiff base hydrolysis, Meta II is short-lived 
and notoriously difficult to crystallize. We therefore soaked opsin 
crystals with all-trans-retinal to form MetaII, presuming that the 
crystal’s high concentration of opsin in an active conformation 
(Ops*)®’ may facilitate all-trans-retinal uptake and Schiff base 
formation. Here we present the 3.0 A and 2.85 A crystal structures, 
respectively, of Meta II alone or in complex with an 11-amino-acid 
C-terminal fragment derived from Ga (GaCT2). GaCT2 binds in 
a large crevice at the cytoplasmic side, akin to the binding of a 
similar Ga-derived peptide to Ops* (ref. 7). In the Meta II struc- 
tures, the electron density from the retinal ligand seamlessly con- 
tinues into the Lys 296 side chain, reflecting proper formation of the 
Schiff base linkage. The retinal is in a relaxed conformation and 
almost undistorted compared with pure crystalline all-trans-retinal. 
By comparison with early photoproducts we propose how retinal 
translocation and rotation induce the gross conformational 
changes characteristic for Meta II. The structures can now serve as 
models for the large GPCR family. 

To obtain crystals of Meta II alone or in complex with the GxCT2 
peptide, we followed previous approaches using low pH to obtain 
crystals of opsin in the active Ops* conformation®’ for subsequent 
soaking with all-trans-retinal. GxCT2 was derived from the transducin 
Ga. C terminus and contained two substitutions which improved crys- 
tal diffraction quality compared with crystals containing the native 
peptide fragment (see Methods). Reversible formation of Meta II is 
indicated by (1) the 380-nm absorption obtained before and after 
dissolving the all-trans-retinal-soaked opsin or opsin-GaCT2 crystals, 
respectively, (2) formation of an opsin-retinal Schiff base bond as 
determined by acid denaturation of the reconstituted pigments 
(Supplementary Fig. 1), (3) the X-ray crystallographic evidence for 
the Schiff base bond between all-trans-retinal and Lys 296” of opsin 
(see below), and (4) the high activity of the reconstituted pigment 
towards the G protein (Supplementary Fig. 2). In addition, soaking 
of the opsin crystals with all-trans-retinal for an optimized soaking 
time had only little effect on the diffraction quality of the opsin crystals, 


indicating that the Ops* conformation present in the crystal is com- 
patible with the all-trans-retinal agonist. In contrast, soaking of opsin 
crystals with the inverse agonist 11-cis-retinal led to a reddish colour 
indicative of rhodopsin formation. Soaking was accompanied by 
severe loss of crystal diffraction quality, indicating disintegration of 
crystal packing, consistent with the expected larger conformational 
changes induced in the protein by 11-cis-retinal. 

The structures of Meta II and Meta II-GuCT2 were solved at 3.0 
and 2.85A resolution, respectively, by molecular replacement tech- 
niques using opsin in the Ops* conformation (PDB accession 
3DQB) as search model. For crystallization, data collection, structure 
determination and refinement statistics, see Methods and Supplemen- 
tary Table 1. The structures comprise amino acids 1-326 of the opsin 
protein moiety, lacking 22 C-terminal amino acids, which are not 
resolved in the corresponding electron density maps, presumably 
because of high mobility®’. Each model also includes one molecule 
all-trans-retinal, oligosaccharyl chains at Asn 2" (for superscripts see 
Methods Summary) and Asn 15", several water and two n-octyl-B- 
D-glucopyranoside molecules, and in addition in the case of Meta 
Il-GaCT2, the 11-amino-acid GuCT2 peptide. The models further 
comprise one molecule palmitic acid covalently bound to Cys 3231. a 
second palmitic acid residue at Cys 322" is lacking in each model 
because of weak electron density. The overall structure of Meta II and 
Meta II-GaCT2, comprising seven TMs connected by cytoplasmic and 
extracellular loops (CL1-CL3 and EL1-EL3) which are followed by the 
cytoplasmic helix H8, is similar to the previously solved Ops* and Ops*- 
GaCT structures®’, but quite different from inactive rhodopsin*°. The 
Ca root mean squared deviation (r.m.s.d.) values in A are 0.51 (Ops*/ 
Metall), 0.44 (Ops*-GaCT/Meta II-GaCT2), 0.35 (Meta II/Meta 
II-GaCT2) and 2.85 (Rhodopsin/Meta II) (Fig. 1 and Supplementary 
Fig. 3)°”°. Both Meta II and Meta II-GaCT2 display the open cytoplas- 
mic receptor surface: due to a rotational tilt of TM6 and motion of TM5 a 
crevice in the cytoplasmic surface is created into which the Go C ter- 
minus or its mimic, the GuCT2 peptide, can bind*>”. 

The Metall structures now provide insight into retinal-protein 
interactions in the ligand binding site. The initial electron density 
map calculated with omitted retinal ligand could readily be interpreted 
with the relaxed all-trans-retinal conformation represented by the 
model obtained from the Cambridge Structural Database (reference 
code TRETALO02; Supplementary Figs 4 and 5). There is strong elec- 
tron density connecting the retinal into the side chain of Lys 296”*° 
consistent with the presence of a Schiff base bond between carbon 
atom C15 of retinal and the e-amino group of Lys 296”*? (Fig. 2 and 
Supplementary Fig. 4). The refinement of the Meta II structures only 
slightly changed the initial conformation of all-trans-retinal, indi- 
cating that retinal in a relaxed conformation is bound in the ligand 
binding site of Ops*, in agreement with spectroscopic studies on 
Meta II (ref. 11). Both structures, Meta II and Meta II-GauCT2, show 
an almost identical retinal conformation (Supplementary Fig. 5). The 
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Rhodopsin 


Figure 1 | Structures of inactive rhodopsin, active Meta II and Meta II in 
complex with a Ga fragment. Side view of cartoon model of rhodopsin (PDB 
accession 1U19), Meta I] and Meta II-GaCT2, that is, Meta II in complex with 
an 11-amino-acid C-terminal peptide derived from the transducin Ga subunit, 
representing the key binding site on the heterotrimeric G protein. Inactive 
rhodopsin consists of the apoprotein opsin in its inactive conformation and the 
inverse agonist 1 1-cis-retinal (shown as red spheres), which is covalently bound 
to Lys 296 (shown as black spheres) via a Schiff base. In Meta II, the agonist all- 


binding site for all-trans-retinal appears to be preformed in Ops* 
because the presence of retinal causes only a small adjustment of side 
chains (Trp 265°*8, Tyr 268°°', Met 207°, His 211°*° and Glu 1227”) 
while the Lys 296’? side chain, which is more flexible in ligand-free 
Ops* (ref. 6), becomes ordered due to its linkage with retinal (Sup- 
plementary Fig. 6). The Meta II-GaCT2 structure reveals a potential 
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Figure 2 | Retinal binding pocket of Meta II. a, b, Retinal and neighbouring 
residues shown as stick model for Meta II (orange) and Meta II-GaCT2 
(yellow), respectively, with 2F, — F. electron density map contoured at 1.06 
(grey mesh). View from within the membrane, right panel rotated 90° with 
respect to the left. Retinal is shown as blue stick model. c, Hydrophobic 
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Meta II 


Meta II-GaCT2 


trans-retinal (shown as blue spheres) is covalently linked to Lys 296. The 
G-protein-interacting conformation of Meta II (right panel) is identified by the 
bound Gz fragment (shown in purple). Transmembrane helices (numbered 
1-7) are followed by a cytoplasmic helix H8. The Meta II models lack 22 
C-terminal residues, the C terminus of rhodopsin is not shown. The 
extracellular domain contains four B-strands (coloured in cyan). Glycosylation 
at Asn2 and Asn 15 and palmitoylation at Cys 322 and Cys 323 (at the end of 
H8) are not shown. 


hydrogen bonding network in which a water molecule links the Schiff 
base nitrogen with the side chains of Ser 186" and Glu 181°", the latter 
hydrogen-bonded to the side chain of Tyr268°*' (Fig. 2 and Sup- 
plementary Fig. 7). A further water molecule constrains the main chain 
carbonyl of Glu 181'", the side chain of Ser 186"? and the NH-groups 
of Ser 186°"? and Cys 185"!*. From Cys 185‘ the hydrogen bonding 


69 


interactions between all-trans-retinal and residues in the ligand binding pocket 
of the opsin protein moiety. Residues with closest distances less than 4 A are 
considered to be in van der Waals contact. d, Potential hydrogen bonding 
interactions around retinal in Meta II-GaCT2. Water molecules are shown as 
blue spheres. 
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network extends via a water molecule to the side chain of Thr 94*°". In 
the inactive rhodopsin conformation, a different network is found in 
which the Schiff base nitrogen is within hydrogen-bonding distance to 
the side chain of Glu113°*”* from which the network can extend to 
Thr94*°! and via Ser 186"? to Glu181""* (refs 9, 10). Together 
Glu 113°** and Glu181""” form the counterion for the protonated 
Schiff base in inactive rhodopsin. From Fourier transform infrared 
(FTIR) studies on rhodopsin activation it was predicted that the main 
contribution to this complex counterion changes from Glu 113°7* to 
Glu 181*!? during the transition to Meta I (ref. 12). This is also reflected 
in the Meta II structure. Relative to rhodopsin, the distance between the 
Schiff base and the side-chain carboxyl group of Glu 113°7* increases 
from 3.5 to 5.3 A, whereas for Glu181''” the corresponding distance 
decreases from 7.1 to 5.0 A. 

The Meta II-GaCT2 structure reveals additional structural water 
molecules next to amino acids in conserved motifs, extending the 
hydrogen-bonding network from Asn 3027 of the NPxxY(x)s5,6F 
motif to Glu 1342 of the E(D)RY motif. The lack of an interaction 
between Glu 134°" and Arg135*°° in MetaII-GaCT2 enables 
Arg 135*~° to bind GaCT2 by forming a hydrogen bond to the back- 
bone carbonyl oxygen of Val 347 of GuCT2. TM2 and TM7 are linked 
via a water molecule between Ser 298” and highly conserved residues 
Asp 8322 and Asn 3022, Structural water molecules are conserved in 
GPCRs"* and changes in radiolytic hydroxyl radical labelling have 
indicated activation-induced alterations in the local structures in 
which they are embedded. Our data provide further insight into 
how water molecules are rearranged in the course of receptor activa- 
tion (Supplementary Fig. 7). 

In contrast to rhodopsin*", but like Ops* (refs 6, 15), the Meta II 
structures show two openings of the retinal binding pocket (Sup- 
plementary Fig. 8). The opening between TM1 and TM7 is caused 
by a rotamer change of Phe 293”*” relative to rhodopsin, which occurs 
in the course of a rotational rearrangement of the extracellular part of 
TM7 below the retinal attachment site Lys296’** (Supplementary 
Fig. 9). The opening between TM5 and TM6 arises mainly from 
side-chain changes of Phe 208°, Phe 212°” and Phe 273°°° which 
are also observed in the Ops* structure®. The location of retinal in its 
binding site fulfils most distance constraints obtained from dipolar- 
assisted rotational resonance (DARR) NMR spectroscopy (Sup- 
plementary Table 2)'*’”. A few larger distance deviations indicate that 
perhaps different Meta II sub-states were observed in the NMR and 
X-ray experiments (see Scheme 1 in the Supporting Information). 

Meta II shows, like Ops*, two gross conformational changes with 
respect to rhodopsin (Supplementary Fig. 3)°’. Motion of TM5 
towards TM6 is linked to a rearrangement of the TM3-TM5 hydrogen 
bonding network between Glu 122 oe Trp 126°"! and His 211°*°. In 
Meta II, the side chains of Glu 1227?” and His 211°*° are close enough 
to form a hydrogen bond (Supplementary Figs 6 and 7). The second 
extensive conformational change involves TM6, which undergoes a 
rotational tilt resulting in a motion of its cytoplasmic end away from 
TM3 (Figs 3 and 4). For the corresponding structural rearrangement of 
residues in the conserved motifs E(D)RY (in TM3) and NPxxY(x)s5,6F 
(in TM7-H8) see the Supplementary Discussion. 

Unexpectedly, all-trans-retinal in the reversibly formed Meta II 
appears to be rotated around its long axis compared with the dark 
state’, and the early photoproducts Batho'® and Lumi’? (Fig. 3). 
The significant electron density observed for the methyl groups of 
the retinal polyene chain and f-ionone ring gives a preference for 
modelling retinal rotated approximately upside-down relative to 
Lumi (Fig. 3a) and non-satisfactory results when only the polyene 
chain was rotated but the B-ionone ring was kept as in Lumi (6-s-trans 
conformation). Retinal rotation is unlikely to occur with the packing 
seen in the Meta II crystal (Fig. 2c), but small TM movements in the 
receptor activation process, which can occur as early asin Meta I*°, may 
well provide the necessary space. The Meta II structure does neither 


reflect the proposed ‘toggle switch’ rotational change of Trp 265°8 
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Figure 3 | Superposition of rhodopsin, Batho, Lumi and MetalII. a, View 
from within the membrane on superposition of retinal in rhodopsin (PDB 
1U19), Batho (PDB 2G87), Lumi (PDB 2HPY) and Meta I. Amino acid side 
chains and retinal are shown as stick models. Protein/retinal are coloured 
green/red (rhodopsin), orange/blue (Meta II), purple/purple (Batho) and 
brown/brown (Lumi), respectively. The arrow indicates rotation of retinal from 
Lumi to Meta II. b, c, Superposition of rhodopsin and Meta I] viewed from the 
cytoplasmic surface. Helices are shown as cartoon or cylinder models, retinal 
and amino acid side chains as stick models. For clarity, cytoplasmic ends of 
helices are clipped in b. Colours as in a. Elongation of retinal and interaction of 
the B-ionone-ring moiety with TM5/TM6 induces a rigid body-type rotational 
tilt of TM6 and motion of TMS (indicated by arrows). 


side chain’’*'* nor the displacement of loop EL2 from the retinal 


binding site’®. An explanation would be that these structural changes 
are transient and involved in switching to rather than maintaining the 
active conformation (see Supplementary Discussion and Supplemen- 
tary Fig. 3). The Meta II structure also shows a positively twisted 6-s-cis 
conformation regarding the bond between carbon atoms C6 and C7 
where retinal’s B-ionone ring and polyene chain are connected. A nega- 
tively twisted 6-s-cis conformation as in the rhodopsin dark state, Batho 
and Lumi, was predicted for Metal and MetaII by NMR spectro- 
scopy’”***’, although flexibility of retinal even in the inactive receptor 
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Figure 4 | Conserved E(D)RY and NPxxY(x)s,6F regions. a, Rhodopsin and 
b, Meta II viewed from the cytoplasmic surface. Residues in the conserved 
E(D)RY and NPxxY(x)s,«F motifs in TM3 and TM7/H8, respectively, constrain 
rhodopsin (green) in the inactive state. A hydrogen bonded network termed 
‘ionic lock is formed between TM3 and TM6 including Glu 13422, Arg 135352 
Glu 247°°° and Thr 251°™*. Tyr 3067? and Phe 313” show an electrostatic 
interaction and are part of a functional microdomain between TM7 and H8. In 
Meta II and Meta II-GaCT2, the conserved residues form a different set of 
interactions. Glu 247°°°-Lys 231°°°-Thr 251°! and Tyr 223°°8-Arg 135° 


state may allow negatively and positively twisted 6-s-cis conforma- 
tions”’. An artificial pigment, in which ring rotation about the C6-C7 
bond is inhibited, was reported to show lower but still substantial activ- 
ity towards the G protein**. The positive C5-C6-C7-C8 dihedral angle 
may thus be preferred but not mandatory to form an active state. 
Generally, a special status of the retinal in the active Meta II form fits 
well to previous FTIR spectroscopic results, which have shown that 
photo-induced back reactions are different between active Meta II 
and its inactive precursors (Supplementary Discussion). 

The X-ray analysis of the reversibly formed Meta II has shown that 
the ligand fits readily into the binding pocket of Ops* and displays the 
same relaxed conformation as in pure retinal crystals. Ops* remains in 
its overall structure almost unchanged when the all-trans-retinal 
ligand binds, and the cytoplasmic G protein interaction domain of 
Ops* and Meta II carry the same insignia of an active state. On the 
other hand, comparison of rhodopsin and Meta II structures indicates 
that the retinal must go through complex elongation and torsional 
motions of its polyene chain and of the B-ionone ring. The motions 
of the ligand are likely to correspond to identified intermediates in the 
light induced pathway. Further structural and spectroscopic analyses 
may teach us how retinal analogues are less efficiently interrogated by 
the protein (ref. 29 and references therein), and may open insights into 
partial agonism and f-arrestin biased ligands at GPCRs. A more general 
lesson to be learned from this work on rhodopsin is that for reaching the 
active GPCR state, the receptor can make use of the conformational 
flexibility of the ligand and the variability of its interaction with the 
binding site. 


METHODS SUMMARY 


Opsin was extracted from bovine rod outer segment disc membranes using 
n-octyl-B-b-glucopyranoside and n-dodecyl-f-b-maltopyranoside. Solubilized 
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stabilize the cytoplasmic TM5/TM6 pair. Relative to rhodopsin, TMS is 
elongated and like TM6 relocated to open a central crevice in the cytoplasmic 
domain into which the GaCT2 peptide binds. c, Model illustrating key steps of 
receptor activation. Cis/trans isomerization causes elongation of retinal and 
clashing of the B-ionone ring between TM5 and TM6, thus inducing elongation 
of TM5, rotational tilt of TM6 and retinal rotation (indicated by yellow and blue 
arrows, respectively). Rearrangement of conserved residues (stick model) is 
indicated by black arrows. Meta II-GaCT2 is shown in yellow, GuCT2 in 
purple, and TM5-TM7 of rhodopsin in green for reference. 


opsin was crystallized alone or in the presence of GuCT2 peptide (NH2- 
ILENLKDVGLF-COOH; Go,340-350(K341L,C347V)) by hanging-drop vapour 
diffusion in a mixture of ammonium sulphate and sodium acetate buffer at 
pH5.0-5.8. Hundreds of opsin and opsin-Ga%CT2 crystals grown within 5 days 
were systematically soaked with all-trans-retinal for up to 30h in the dark to 
reconstitute Meta II and Meta II-GaCT2, respectively. Crystals were cryopro- 
tected in 10% trehalose and frozen in liquid nitrogen for screening and X-ray 
analysis at the synchrotron BESSY II, Berlin. The Meta II structures were solved 
by molecular replacement using opsin (PDB accession 3DQB) as search model. 
The superscript denotes N terminus (NT; for example, Asn 2%), Helix 8 (H8; for 
example, Phe 313"), extracellular loop (EL; for example, Glu 181”), and GPCR 
numbering according to Ballesteros and Weinstein*. The most conserved residue 
in a helix among rhodopsin-like GPCRs is designated x.50, where x is the helix 
number. All other residues on the same helix are numbered relative to this reference 
residue. Based on extensive sequence alignment, Smith grouped residues into 
signature-conserved, group-conserved or subfamily-specific'’. Underlined super- 
script in GPCR numbering indicates GPCR signature residues (most conserved 
residues; Asn55'*", Asp 83", Glu 1342, Arg 135*°°, Trp 161*°°, Pro 215*°, 


Tyr 22378, Trp 265°8, Pro 267°, Asn 3027, Pro 3037°°, Tyr 3067). Note that 
in ref. 17, based on a larger GPCR database, Leu 79 and Tyr 223 were attributed the 
most conserved residues on TM2 and TMS, respectively. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Crystallization. Opsin was prepared and crystallized by hanging drop vapour 
diffusion at 277 K essentially as described®’. The solubilization buffer contained 
a mixture of 1% n-octyl-f-D-glucopyranoside and 0.02% n-dodecyl-B-p- 
maltopyranoside or n-octyl-f-b-glucopyranoside alone. The precipitant solution 
was 3.0-3.4M (NH4)2SO, in 0.1M sodium acetate buffer (pH 5.0-5.8). A syn- 
thetic peptide was used for co-crystallization of opsin with a C-terminal fragment 
derived from the «-subunit of the G protein transducin. The peptide GuCT2 
(sequence NH2-ILENLKDVGLF-COOH) is a derivative of the high-affinity 
GaCT peptide” and has a similar affinity. Crystals appeared within 2 days and 
grew further for 3 days to reach dimensions 0.2mm X 0.3mm X 0.3 mm. All- 
trans-retinal was purchased from Sigma and further purified by normal phase 
HPLC using a LiChrosorb Si 60 (54m) 300mm X 20mm column with 5% 
diethylether in heptane. Opsin crystals were soaked in the dark with all-trans- 
retinal for up to 30h to reconstitute Meta II. Crystals were then transferred under 
orange light to cryoprotectant consisting of 10% trehalose in crystallization buffer 
and immediately frozen in liquid nitrogen. 
Structure analysis. Diffraction data collection was performed at 100K using 
synchrotron X-ray sources at BESSY II, Berlin, Germany, and ESRF, Grenoble, 
France. Best diffraction data were collected at beamline BL 14.2 at BESSY II, at 
2 = 0.91842 A. The crystal to MX-225 CCD detector distance was fixed at 230 mm 
for Meta II and 260 mm for Meta II-GaCT2, respectively. The rotation increment 
for each frame was 0.5° with an exposure time of 6s (Meta II) or 12s (Meta II- 
GoCT2). All images were indexed, integrated and scaled using the XDS program 
package** and CCP4 program SCALA**. MetaII and Meta II-GaCT2 crystals 
belong to rhombohedral space group H32 (a=241.82A, b=241.82A, 
c=111.80A, «x=B=90°, y=120° and a=241.55A, b=241.55A, 
c= 109.87 A, «= B = 90°, y = 120°, respectively). Supplementary Table 1 sum- 
marizes the statistics for crystallographic data collection and structural refinement. 
Initial phases for Meta II and Meta II-GaCT2 were obtained by conventional 
molecular replacement protocol (rotation, translation, rigid body fitting) using 
opsin from the opsin-GaCT structure (PDB accession 3DQB) as initial search 
model. Molecular replacement was achieved using the CCP4 program PHASER” 
by first placing the opsin monomer (rotation function (RFZ): Z = 14.5; translation 
function (TFZ): Z = 53.2 for Meta II and rotation function (RFZ): Z = 11.7; trans- 
lation function (TFZ): Z = 63.5 for Meta II-GaCT2, respectively; RFZ and TFZ as 
defined by PHASER). In subsequent steps, torsion angle molecular dynamics, 
simulated annealing using a slow-cooling protocol and a maximum likelihood 
target function, energy minimization, and B-factor refinement by the program 
CNS™ were carried out in the resolution range 33.5-3.0A (Meta II) and 34.9- 
2.85 A (Meta II-GaCT2). After the first round of refinement, the retinal chromo- 
phore was clearly visible in the electron density of both o,-weighted 2F, — F. 
maps, as well as in the o,-weighted simulated annealing omit density maps 
(Supplementary Fig. 4). Restrained, individual B-factors were refined and the 
crystal structure was finalized by the CCP4 program REFMAC5 and CCP4 (ref. 
33). The final models have agreement factors Ree and Reryst Of 24.5% and 21.6% 
(Meta II), and 25.0% and 21.7% (Meta II-GaCT2), respectively. Manual rebuild- 
ing of the Meta II models and electron density interpretation were performed after 
each refinement cycle using the program COOT™. Structure validation was per- 
formed with the programs PROCHECK*® and WHAT_CHECK’’. Potential 
hydrogen bonds and van der Waals contacts were analysed using the programs 
HBPLUS* and LIGPLOT™. All crystal structure superpositions of backbone alpha 


carbon traces were performed using CCP4 program LSQKAB*. All molecular 
graphics representations were created using PyMol"”. 

Ultraviolet-visible spectroscopy. Ultraviolet-visible spectroscopy of Meta II was 
performed using a NanoDrop 1000 Spectrophotometer (Thermo Scientific) at 
room temperature and a CARY 50 Ultraviolet-visible Spectrophotometer 
(Varian) at 20 °C. Meta II crystals were washed thoroughly three times in crystal- 
lization buffer to reduce excess all-trans-retinal and were measured immediately in 
the same buffer. In some cases, Meta II crystals were dissolved in 1% n-octyl-B-p- 
glucopyranoside. Spectra were obtained before and after acid denaturation by 
addition of 1/10 volume 100 mM sulphuric acid. 

Transducin activation assay. As a monitor for Gt activation, changes in intrinsic 
fluorescence intensity of the Ga-subunit upon exchange of GDP to GTPyS were 
quantified***’. All measurements were carried out using a SPEX fluorolog II 
spectrofluorometer equipped with a 450W xenon arc lamp. For all activation 
measurements, settings were 1. = 300 nm and /,., = 345 nm with an integration 
time of 1s. Gt activation rates were measured with 2.5 nM opsin, 6 14M GTPyS, 
2mM DTT, and 0.006% (w/v) n-dodecyl-B-p-maltopyranoside in a final volume 
of 650 pl (10 mm X 4mm cuvette with stirring bar). All samples were equilibrated 
at 20°C for 4 min while being irradiated with yellow light (Schott GG 495 long- 
pass filter). Then reactions were triggered by addition of GTPS after recording 
basic fluorescence levels for 50s. After recording the fluorescence change at the 
initial opsin concentration, activation of the whole Gt pool was achieved by adding 
10nM purified rhodopsin to the reaction. The concentration of intact opsin in 
every sample was calculated from the quantity of reconstituted rhodopsin by 
500nm absorption after addition of excess 11-cis-retinal to an aliquot of the 
sample measured. The 500 nm rhodopsin absorption was determined from dif- 
ference spectra dark minus light-activated rhodopsin. 
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Aberrant chromosome morphology in human cells 
defective for Holliday junction resolution 


Thomas Wechsler!+, Scott Newman? & Stephen C. West! 


In somatic cells, Holliday junctions can be formed between sister 
chromatids during the recombinational repair of DNA breaks or 
after replication fork demise. A variety of processes act upon 
Holliday junctions to remove them from DNA, in events that are 
critical for proper chromosome segregation. In human cells, the 
BLM protein, inactivated in individuals with Bloom’s syndrome, 
acts in combination with topoisomerase IIIa, RMI1 and RMI2 
(BTR complex) to promote the dissolution of double Holliday 
junctions’”. Cells defective for BLM exhibit elevated levels of sister 
chromatid exchanges (SCEs) and patients with Bloom’s syndrome 
develop a broad spectrum of early-onset cancers caused by chro- 
mosome instability*. MUS81-EME1 (refs 4-7), SLX1-SLX4 (refs 
8-11) and GENI (refs 12, 13) also process Holliday junctions but, 
in contrast to the BTR complex, do so by endonucleolytic cleavage. 
Here we deplete these nucleases from Bloom’s syndrome cells to 
analyse human cells compromised for the known Holliday junc- 
tion dissolution/resolution pathways. We show that depletion of 
MUSS81 and GEN1, or SLX4 and GEN1, from Bloom’s syndrome 
cells results in severe chromosome abnormalities, such that sister 
chromatids remain interlinked in a side-by-side arrangement and 
the chromosomes are elongated and segmented. Our results indi- 
cate that normally replicating human cells require Holliday junc- 
tion processing activities to prevent sister chromatid entanglements 
and thereby ensure accurate chromosome condensation. This 
phenotype was not apparent when both MUS81 and SLX4 were 
depleted from Bloom’s syndrome cells, suggesting that GEN1 can 
compensate for their absence. Additionally, we show that depletion 
of MUS81 or SLX4 reduces the high frequency of SCEs in Bloom’s 
syndrome cells, indicating that MUS81 and SLX4 promote SCE 
formation, in events that may ultimately drive the chromosome 
instabilities that underpin early-onset cancers associated with 
Bloom’s syndrome. 

Our current understanding of the way in which Holliday junctions 
are processed in somatic cells suggests the three potential pathways 
illustrated in Supplementary Fig. 1. These include the dissolution of 
double Holliday junctions by BLM-TOPIIIa-RMI1-RMI2 (BTR), 
which suppresses crossover formation between sister chromatids’, 
and the nucleolytic resolution of Holliday junctions by MUS81- 
EME] (ref. 7) or GEN1 (ref. 12) that can lead to crossover or non- 
crossover products depending on the orientation of Holliday junction 
cleavage. Recently, it was shown that SLX4, a component of the SLX1- 
SLX4 nuclease complex that can also cleave Holliday junctions, asso- 
ciates with MUS81-EME1 and may provide a ‘scaffold’ function for 
several nuclease activities*"’. 

The relative contribution of each Holliday junction processing path- 
way is currently unknown. However, given that intact Holliday junc- 
tions are a relatively poor substrate for MUS81-EME1 (refs 4, 5), it is 
likely that the BTR complex provides the primary mechanism for the 
resolution of double Holliday junctions in human somatic cells at S 
phase. A further possibility is that resolution events mediated by 
MUS81-EME1, SLX1-SLX4 and/or GEN1 could substitute for the loss 


of BTR activity in Bloom’s syndrome cells, either by cleaving the 
double Holliday junctions or other recombination intermediate struc- 
tures (such as nicked Holliday junctions'*"*), and thereby contribute to 
their viability. 

Because nucleolytic cleavage mechanisms may be responsible for 
the elevated frequency of SCEs observed in Bloom’s syndrome cells, 
we analysed SCE formation in metaphase spreads from the SV40- 
transformed Bloom’s syndrome cell line GM08505 after short inter- 
fering RNA (siRNA)-mediated depletion of MUS81, SLX4 or GENI. In 
all cases, efficient gene silencing was achieved, as measured by western 
blotting or quantitative reverse transcription PCR (RT-PCR) (Sup- 
plementary Fig. 2). Because depletion of SLX4 also decreases the 
levels of SLX1 (ref. 10), as the stabilities of SLX1 and SLX4 are inter- 
dependent, the SLX4 depletion should be viewed as an SLX1-SLX4 
depletion. Depletion of SLX4 does not affect the levels of MUS81 or 
EME] (ref. 10), or GEN1 (data not shown). We found that siRNA 
treatment against MUS81 or SLX4, but not GENI, significantly 
reduced the frequency of SCEs (Fig. 1a, b), as well as the formation 
of harlequin chromosomes (that is, chromosomes exhibiting more 
than five SCEs) (Supplementary Fig. 3). 

Although the SCE frequency in cells depleted for both MUS81 and 
GEN1 did not appear significantly different from MUS81-depleted 
cells, at least in metaphases that could be easily scored, many metaphase 
chromosomes looked abnormal after treatment with these siRNAs. 
Because these metaphases could not be scored for SCEs, it is possible 
that our scoring was biased towards those with only mild GEN1 and/or 
MUS81 depletion. We also observed decreased cell viability after dual 
siRNA treatment against GEN1 and MUS81, MUS81 and SLX4, or 
GENI1 and SLX4 (Fig. 1c), indicating that loss of multiple Holliday 
junction processing pathways can lead to cell death even in the absence 
of exogenous DNA damage. Depletion of GEN1 with SLX4, or MUS81 
with SLX4, had a greater impact upon cell viability than GEN1 and 
MUS81 siRNA treatment, suggesting that SLX4 might have a broader 
role than either of the other nucleases. 

When the chromosome aberrations seen in the metaphase spreads 
prepared from GEN1- and MUS81-depleted cells were analysed, we 
observed a high percentage of cells in which the chromosomes were 
elongated and segmented (Fig. 2a, compare left and right panels with 
enlargements below). Indeed, most chromosomes exhibited a “‘beads- 
on-a-string’ morphology. Similar results were obtained when the 
untransformed Bloom’s syndrome fibroblast line GM01492 was 
treated with MUS81 and GEN] siRNAs (Fig. 2b and Supplementary 
Fig. 4). Careful analysis of these spreads revealed the occasional 
appearance of single chromosomes that had an extreme defect in 
chromosome condensation (Fig. 2b, arrows). 

These observations, with measurements showing that the total num- 
ber of chromosomes in these metaphases was comparable to control 
spreads (data not shown), indicated that the beads-on-a-string morpho- 
logy might result from an aberrant chromosome condensation defect 
rather than break-induced chromosome rearrangements. To confirm 
this, we performed whole chromosome painting on chromosomes 4, 8 
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Figure 1 | Contribution of GEN1, MUS81 and SLX4 to SCE frequency in 
Bloom’s syndrome cells. a, Representative images of metaphase spreads 
prepared from BLM-deficient GM08505 cells treated with the indicated 
siRNAs. Scale bars, 10 um. b, Quantification of SCE frequency after siRNA 
treatment. Each data point represents a single cell/metaphase that was scored 


and X in GM01492 Bloom’s syndrome cells after GEN1 and MUS81 
siRNA targeting. We found that segmentation occurred within intact 
chromosomes and was not due to translocation events (Fig. 2c). Indeed, 
although some chromosomal regions looked compact, others were more 


BS (GM08505) + 
GEN1 siRNA + MUS81 siRNA 


BS (GM08505) + 
control siRNA 


=. Ne 
BS (GMO01492) + 
GEN1 siRNA + MUS81 siRNA 


BS (GM01492) + 
control siRNA 


Figure 2 | Chromosome abnormalities in Bloom’s syndrome (BS) cells after 
siRNA-mediated depletion of GEN1 and MUSS81. a, Giemsa-stained 
metaphase spreads of GM08505 BLM-defective cells treated with control 
siRNA or siRNAs against both GEN1 and MUS81. The upper panels show 
whole chromosome spreads whereas the lower panels show the indicated 
sections at higher magnification. Scale bars, 10 tm. b, 4’,6-Diamidino-2- 
phenylindole (DAPI)-stained metaphase spreads of GM01492 BLM-defective 
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blind for SCEs per chromosome per spread (for each condition 25 cells, more 
than 1,700 chromosomes, were analysed). P values were determined using a 
two-tailed t-test. c, Relative cell viability measured 96h after siRNA treatment 
that targeted two genes as indicated. Analyses were performed with and without 
BrdU treatment. Error bars, s.d. 


elongated and appeared as though held together by a thread of (non- 
staining) DNA. Our interpretation of the extended and segmented chro- 
mosome structure is that regions showing normal condensation are 
linked to uncondensed regions of DNA. Generally, the uncondensed 


c 
DAPI DAPI DAPI 


Chromosome X Chromosome 4 Chromosome 8 
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cells treated with control siRNA or siRNAs against both GEN1 and MUS81 as 
indicated. White arrows indicate chromosomes with extreme condensation 
defects. Scale bars, 2 um. c, Metaphase spreads from the experiment described 
in b were stained with whole chromosome paints specific for chromosome 4, 8 
or X, as indicated. The selected chromosomes are representative of those froma 
total of nine metaphase spreads. Scale bars, 2 um. 
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regions were observed at equivalent positions on each of the two sister 
chromatids, which themselves remained tightly associated along their 
entire length. One possibility is that the loss of Holliday junction proces- 
sing activity results, either directly or indirectly, in sister chromatid 
entanglements that prohibit normal chromosome condensation. 

To quantify the observed segmentation phenotype, we counted 
chromosomes with more than three segments (S > 3) and scored meta- 
phases with two or more segmented chromosomes as ‘S > 3 positive’ 
(Fig. 3a). Using this scoring method, a baseline of 2% was observed with 
the control GM08505 Bloom’s syndrome cells, whereas cells depleted 
for MUS81 or GEN1 contained 6% and 8% of S>3 chromosomes, 
respectively (Fig. 3b). In contrast, 56% of the Bloom’s syndrome meta- 
phases depleted for both GEN1 and MUS81 exhibited two or more 
S>3 chromosomes (Fig. 3b, c). Moreover, in 13% of these cells, the 
S> 3 phenotype was so severe that virtually all chromosomes in the 
spread were affected (Fig. 2a). To enable the most simple quantification, 
these severely affected cells were designated ‘>9’. The abnormal pheno- 
type was not influenced by the presence or absence of BrdU (an agent 
used in the earlier SCE analyses) (Supplementary Fig. 5). When the 
same scoring method was applied to the Bloom’s syndrome cell line 
GM01492 after GEN1- and MUS81-depletion, we found that 46% of 
the cells (compared with 7% in control cells) showed an S > 3 pheno- 
type, ruling out any cell-line-specific effects (Supplementary Fig. 4). 

Importantly, the chromosome abnormalities observed in Bloom’s 
syndrome cells depleted for both GEN1 and MUS81 were suppressed 
by exogenous expression of BLM protein, as shown by comparison 
of the BLM-defective cell line PSNG13 with its isogenic BLM- 
complemented cell line PSNF5 after GEN1 and MUS81 siRNA treat- 
ment (Fig. 3d-f and Supplementary Fig. 6). We also failed to observe 
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an increase in S>3 chromosomes in the BLM-proficient cell line 
U20S, despite a high depletion efficiency of GEN1 and MUS81 
(Supplementary Fig. 7). These results show that BLM is critical for 
the maintenance of genome stability, and that loss of Holliday junction 
processing activity caused by disruption of BLM, MUS81 and GEN1 
leads to aberrant chromosome morphology. 

In yeast, it has been shown that yen! mus81 double mutants (Yen1 is 
the yeast orthologue of GEN1) are considerably more sensitive to DNA 
damage than the mus81 single mutant'®”” and that Mus81 and Yen1 
can promote crossover formation during mitotic recombination’. 
These studies indicate that recombination intermediates normally 
resolved by Mus81 can also serve as substrates for Yen1. In mammalian 
cells, however, we currently have little information relating to the 
interplay between GEN1 and MUS81, or with SLX4 with which 
MUSS81 interacts*"". Therefore, to gain our first insights into the 
genetic interactions between these proteins, we depleted combinations 
of either MUS81 + SLX4, GEN1 + SLX4 or, as before, GEN1 + MUS81, 
and measured the extent of chromosome aberrations. We found that 
depletion of GEN1 and SLX4 in Bloom’s syndrome cells resulted in an 
extremely severe phenotype, as measured by the formation of segmented 
chromosomes (Fig. 4). The next most severe combination was caused 
by depletion of GEN1 and MUS81. In contrast, the chromosome 
abnormalities observed after siRNA treatment against both MUS81 
and SLX4 were considerably less severe. These results favour the view 
that SLX4 plays a broad role, not only in a nuclease complex with SLX1, 
but also as a scaffold for the cooperative actions of other nucleases. 

The severe phenotype observed after GEN1 and SLX4 depletion 
allowed us to perform two further experiments. First, time-course 
analyses revealed that S > 3 chromosomes were detectable 36h after 
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Figure 3 | Quantification of the chromosome segmentation phenotype 
observed in Bloom’s syndrome cells after GEN1 and MUSS81 depletion. 

a, Schematic illustration (left) and Giemsa staining (right) of an abnormal 
metaphase chromosome showing more than three indentations (S > 3). The 
definition S$ > 3 was used in all subsequent experiments. b, After the treatment 
of GM08505 Bloom’s syndrome cells with the indicated siRNAs, metaphases 
(n = 50) were scored. The percentage of cells with at least two S>3 
chromosomes is shown. ¢, As b but to illustrate phenotypic severity, the 
number of S > 3 chromosomes in each metaphase (n = 50) was plotted in a 


scatter graph. Only metaphases with at least one § > 3 chromosome are shown, 
and those with more than nine segmented chromosomes were termed ‘>9’. 
d, Complementation of Bloom’s syndrome cells with BLM restores 
chromosome stability. BLM-deficient PSNG13 and the BLM-complemented 
PNSFS5 cell lines were treated with siRNA against GEN1 and MUS81, and 
analysed for abnormal metaphases using Giemsa staining. Scale bars, 10 um. 
e, f, Metaphases (1 = 50) were analysed after control or GEN1 + MUS81 
siRNA treatment of PSNG13 and PSNFS5 cells. Quantifications were performed 
as in Fig. 3b. 
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Figure 4 | Synthetic interactions between GEN1, MUS81 and SLX4. 
GM08505 Bloom’s syndrome cells were depleted for GEN1, MUS81 or SLX4, or 
for the indicated pairs of proteins. Cells were collected 60h after the second 


siRNA treatment, and that the severity of the abnormal chromosome 
phenotype continued into the second mitotic division (Supplementary 
Fig. 8). After this point, high levels of cell inviability were observed 
(Fig. 1c). Second, we found that the chromosome indentations were 
effectively free of SMC2 protein, confirming that the unusual pheno- 
type was indeed due to a defect in proper chromosome condensation 
(Supplementary Fig. 9). 

These results begin to define the relative contributions of GEN1, 
MUS81 and SLX4 to Holliday junction processing in human mitotic 
cells already defective for BLM. Inactivation of MUS81, together with 
GEN1, effectively produces BLM-defective cells compromised for the 
known Holliday junction dissolution/resolution pathways. The result- 
ing phenotype was the formation of highly segmented chromosomes 
with severe condensation defects. Similar results were observed by 
inactivation of GEN1 and SLX4, supporting the notion that SLX4 
and MUS81 might work in the same pathway. Although this is the 
first time that such an aberrant chromosome morphology has been 
associated with defects in Holliday-junction processing, similar defects 
have been observed in human and mouse cells in response to ionizing 
radiation which causes a delay in DNA replication timing that, in turn, 
affects mitotic chromosome condensation”. Similarly, defects in DNA 
replication due to the mutation of key replication factors such as ORC2 
also lead to segmented chromosome condensation morphology. 
Together, these studies indicate a potential link between DNA replica- 
tion and the establishment of proper chromosome condensation, and 
it has been suggested that the timely completion of replication impacts 
upon the lateral condensation of a metaphase chromosome by helping 
to remove entanglements”. In our study, we suggest that sister chro- 
matid entanglements, caused instead by defects in Holliday junction 
processing pathways, might lead to a related aberrant condensation 
phenotype. The beads-on-a-string chromosome morphology seen 
here, and the absence of significant break-induced chromosome trans- 
locations, indicates that the regions of under-condensed chromatin 
retain fine DNA threads that link the normally condensed regions. 
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BS (GM08505) + 
GEN1 siRNA + MUS81 siRNA 


BS (GM08505) + 
GEN1 siRNA + SLX4 siRNA 


transfection and metaphase cells (n > 100) were scored (a, b) and visualized 
(c) as in Fig. 3. Scale bars, 10 jum. 


Moreover, the tight side-by-side alignment of sister chromatids is sug- 
gestive of the persistence of unresolved bridges that accumulate after 
disruption of the three cellular Holliday junction processing pathways. 

It has been shown that BLM protein localizes to ultrafine bridges at 
anaphase, and that these sites represent unresolved entanglements that 
occur at fragile sites after replication stress*’**. However, many ultra- 
fine bridges derive from centromeric regions*'™*, whereas our work 
shows that the indentations corresponding to regions of under- 
condensed chromatin are distributed randomly along the length of 
each chromosome. 

The aberrant chromosome morphology seen in the current experi- 
ments was suppressed by expression of the BLM protein, leading us to 
suggest that Holliday junction dissolution, a system that avoids SCEs, 
provides the primary mechanism for the processing of Holliday junc- 
tions in somatic cells. In the absence of this pathway, such as in cells 
derived from patients with Bloom’s syndrome, elevated levels of SCEs 
are observed and we have shown that these can arise through the 
actions of MUS81 or SLX4. The precise role of SLX4 is currently 
unknown, as it may function either as a junction-specific nuclease with 
SLX1, or it may provide a scaffold for the cooperation of multiple 
nucleases within a multi-functional DNA processing complex. Loss 
of both BLM and MUS81 (or SLX4), however, did not result in a severe 
condensation phenotype, because mitotic cells possess a third pathway 
of Holliday junction resolution mediated by GEN1, for which we pre- 
sent the first functional evidence in vivo. It is likely that MUS81-EME1, 
SLX1-SLX4 and GEN can resolve Holliday junctions that persist in 
BLM-defective cells, although the bi-directional nature of their cleavage 
mechanism will, in contrast to the BTR complex, produce SCEs. We 
therefore suggest that the nucleolytic processing pathways provide 
additional mechanisms of resolution that can act upon intermediates 
that escape the attention of the BTR complex, thereby allowing chro- 
mosome segregation. Use of these alternatives may, however, come at a 
price because Bloom’s syndrome cells exhibit genomic instability and 
patients suffer a broad spectrum of early-onset cancers. 
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METHODS SUMMARY 


The human osteosarcoma cell line U2OS, SV40-transformed Bloom’s syndrome 
fibroblasts GM08505 (ref. 25) and untransformed Bloom’s syndrome fibroblasts 
GM01492 (ref. 26) were provided by CRUK Cell Services (Clare Hall). The cell line 
PSNF5 constitutively expresses BLM protein, whereas the isogenic control PSNG13 
contains pcDNA3 vector DNA”. Cells were transfected twice with siRNA within 
24h. Fora single gene, 3 X 10° cells were transfected with 400-500 pmol of siRNA 
(Dharmacon) using 10 ul of Lipofectamine RNAiMAX (Invitrogen). For double- 
gene targeting, up to 800 pmol of siRNA was mixed and transfected with 20 pl 
Lipofectamine. Control non-targeting siRNAs were used at equivalent concentra- 
tions. The efficiency of each siRNA treatment was monitored by western blotting 
60 h after the first, or 36 h after the second, transfection, or by quantitative RT-PCR 
48 h after the first treatment. SCEs and metaphase chromosomes were monitored 
as described”*”°. The SCE technique relies upon the differential staining of the sister 
chromatids after replication in the presence of BrdU, followed by staining with 
Hoechst dye and Giemsa. Cell viability assays were performed 12 h after the second 
transfection with various siRNA combinations (MUS81 + SLX4;GEN1 + MUS81; 
GEN1 + SLX4). The cells were then seeded in equal numbers (2,000 per well) ina 
96-well plate (in triplicates), grown for a further 84h and tested using the Cell-Titre 
Glo assay system (Promega). Chromosome painting was performed as described”°. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 
Antibodies. Affinity-purified anti-GEN1 rabbit polyclonal antibody was raised 
against a carboxy (C)-terminal peptide (CLDSPLPLRQRLKLRFQST) correspond- 
ing to GEN1°*°°°°, Mouse monoclonal antibodies against MUS81 (2G10/3) and 
RADS51 (14B4) were purchased from Abcam, and rabbit polyclonal antibody 
against SMC2 (A300-058A) was from Bethyl Labs. 
siRNA transfections, quantitative RT-PCR and western blotting. For siRNA 
transfections, 3 X 10° cells were seeded in 60mm cell culture dishes 8h before 
transfection. In general, the cells were transfected twice within 24h and the cell 
culture medium was changed after the first transfection. For depletion of a single 
protein, 3 X 10° cells were transfected with 400-500 pmol of siRNA using 10 ll of 
Lipofectamine RNAiMAX (Invitrogen). For double targeting, up to 800 pmol of 
siRNA was mixed and transfected with 20 pl Lipofectamine RNAiMAX; ON 
TARGET-plus siRNAs specific for each gene and control non-targeting siRNAs 
were purchased from Dharmacon and were used at the same concentrations. The 
efficiency of each siRNA treatment was monitored by western blotting 60h after 
the first transfection, or 36 h after the second, or by quantitative RT-PCR 48 h after 
the first transfection. The siRNA sequences, indicated 5’ to 3’, were as follows. 
Control siRNA: ON-TARGETplus non-targeting siRNA #3. GEN1/FLJ40869 
oligonucleotides 1-4: (1) GCGUAAUCUUGGUGGGAAA,; (2) UCUAAGACCU 
UUGGCUAUA; (3) VAUGCAAACCACUCGGAAA; (4) GCCCUAAGAUACA 
UAUUAA. SLX4 (oligonucleotides 1-2)?"': (1) AAACGUGAAUGAAGCA 
GAAUU; (2) CGGCAUUUGAGUCUGCAGGUGAA. MUSS81 (oligonucleotides 
1-2): (1) CAGCCCUGGUGGAUCGAUA,; (2) CAUUAAGUGUGGGCGUCUA. 

Owing to the lack of specificity of SLX4 antibodies, the efficiency of depletion of 
SLX4 was determined by quantitative RT-PCR. For this, total RNA was isolated 
using the RNeasy kit (Qiagen) according to the manufacturer’s instructions with 
the following modifications: cell lysis was achieved using QIAshredder columns 
(Qiagen) and DNase I treatment was performed before total RNA was eluted from 
the RNeasy column. Then 1 pg of total RNA was reverse transcribed using a 
TaqMan Reverse Transcription Kit (Applied Biosystems) in a 20-l reaction 
and used for three quantitative RT-PCR reactions in a 96-well format using the 
EXPRESS SYBR GreenER qPCR SuperMix with Premixed ROX (Invitrogen) and 
a Real-Time PCR System (Applied Biosystems). The ribosomal protein L23 
mRNA was used as a standard. Depletion of SLX4 (or SLX1) by siRNA treatment 
results in a loss of both SLX1 and SLX4, as their stabilities are interdependent’®. 
Use of siRNAs against either is therefore considered to be equivalent to SLX1- 
SLX4 depletion. 

Primers for quantitative RT-PCR of GEN1: forward, CCACATGACTATG 
AATACTGCTGTCCTT; backward, TGGGAATCCCTCACAACAGCAAGC. 

Primers for quantitative RT-PCR of SLX4: forward, CCTGGAGGAAAA 
GGGTTTGT; backward, AGCTTCATCCAAGCACCTGT. 

Primers for quantitative RT-PCR of L23: forward, TTCCTGGTCCACA 
ACGTCAAG; backward, TTGTGAAGCGATCTCGGCA. 


Cell viability assays. Cells were collected 12h after the second siRNA transfec- 
tion with various siRNA combinations (MUS81 + SLX4; GEN1 + MUS81; 
GEN1 + SLX4). They were then seeded in equal numbers (2,000 per well) in 
96-well plates in triplicates (with or without 66 1M BrdU) and incubated for 
84h. Cell viability was determined using the Cell-Titre Glo assay (Promega). 
Analysis of metaphase chromosomes. For the SCE assay, 3 X 10° cells were 
seeded in 60-mM plates before siRNA transfection. After 8 h, the cells were trans- 
fected with siRNA, grown for a further 24 h and then transfected again. After 18h 
growth, BrdU (100 1M) was added and the cells were grown for a further 60-72 h. 
Metaphase chromosomes were prepared and assayed for SCEs by a modification 
of published procedures”*”’. Briefly, cells were incubated for 1h with 0.2 pg ml! 
colcemid and metaphase cells were harvested by mitotic shake-off. The cells were 
then swollen in 75 mM KCl for 20 min, fixed with methanol:acetic acid (3:1) and 
spread. After treatment with Hoechst 33258 and ultraviolet treatment, images 
were acquired using a Zeiss Axio Imager M1 microscope using a Plan-Neofluar 
X60, 0.4 numerical aperture oil objective lens, and captured using an ORCA-ER 
camera (Hamamatsu) controlled by Volocity 4.3.2 software (Improvision). At 
least 25 images were taken randomly from each condition. The files were renamed 
and each image (at least 1,700 chromosomes per condition) was scored blind to 
determine both the number of SCEs per chromosome and the number of 
harlequin chromosomes per metaphase spread. 

To visualize the segmented chromosome phenotype, the same procedure was 
performed except that BrdU was omitted and the cells were stained in 7% Giemsa 
for 7min immediately after spreading and drying. The S>3 phenotype was 
scored, and spreads with two or more chromosomes exhibiting the S > 3 pheno- 
type were considered positive. For the most severely affected metaphases, the 
count was stopped at 10 and designated ‘>9’. 

SMC2 staining. Metaphase cells were collected as above, swollen in 1X PME 
(5mM Pipes/NaOH pH 7.2, 5mM NaCl, 5mM MgCl, 1mM EGTA), resus- 
pended in lysis buffer (1X PME supplemented with protease inhibitors, 0.1% 
Triton-X, 1mM ATP, 0.2mM spermine, 0.5mM spermidine and 10 pg ml! 
cytochalasin B) and lysed on ice using a dounce homogenizer. Lysates were layered 
onto sucrose gradients (30, 40, 50 and 60% sucrose in 1X PME) and spun for 
30 min at 2,000g. The chromosomes were taken from the 40/50% and 50/60% 
interfaces, and fixed in 3.7% formaldehyde and then centrifuged (20 min at 4,000g) 
through a 40% glycerol cushion onto polylysine-treated coverslips. Then chromo- 
somes were stained with anti-SMC2 antibody (1:300) and Alexa Fluor 488-coupled 
goat anti-rabbit secondary antibody (1:1,000) and mounted in Vectashield con- 
taining DAPI. 

Statistical analysis. Sister chromatid exchange data was subjected to a Student’s 
two-tailed t-test. For S > 3 data, the counts were analysed by analysis of deviance 
using the generalized linear model fitting function glm() with a Poisson approxi- 
mation to the multinomial, followed by analysis of deviance using the anova() 
function with the 7’ test, both performed in R 2.10.1 (for details see http://www. 
R-project.org). 
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Genomic analysis provides insights into the role of copy number 
variation in disease, but most methods are not designed to resolve 
mixed populations of cells. In tumours, where genetic heterogeneity 
is common’ ™, very important information may be lost that would be 
useful for reconstructing evolutionary history. Here we show that 
with flow-sorted nuclei, whole genome amplification and next 
generation sequencing we can accurately quantify genomic copy 
number within an individual nucleus. We apply single-nucleus 
sequencing to investigate tumour population structure and evolu- 
tion in two human breast cancer cases. Analysis of 100 single cells 
from a polygenomic tumour revealed three distinct clonal subpopu- 
lations that probably represent sequential clonal expansions. 
Additional analysis of 100 single cells from a monogenomic primary 
tumour and its liver metastasis indicated that a single clonal expan- 
sion formed the primary tumour and seeded the metastasis. In both 
primary tumours, we also identified an unexpectedly abundant sub- 
population of genetically diverse ‘pseudodiploid’ cells that do not 
travel to the metastatic site. In contrast to gradual models of tumour 


progression, our data indicate that tumours grow by punctuated 
clonal expansions with few persistent intermediates. 

In single-nucleus sequencing (SNS), we isolate nuclei by flow-sort- 
ing and amplify DNA using whole genome amplification (WGA) for 
massively parallel sequencing (Supplementary Fig. 1). We achieve low 
coverage (~6%) of the genome of a single cell, sufficient to quantify 
copy number from sequence read depth. Several features of our data 
analysis were designed for SNS and differ from previous methods*° for 
measuring copy number from sequencing data. In contrast to using 
fixed intervals to calculate copy number, we use variable length bins 
but with uniform expected unique counts, which correct for biases that 
have been reported’’ in WGA (Supplementary Fig. 2; see Methods). 
For each single cell, we typically achieve a mean read density of 138 per 
bin (standard error of the mean (s.e.m.) + 5.55, 1 = 200). Over- 
replicated loci called ‘pileups’, which have been previously reported 
in WGA'*!?, do occur in our data but not at recurrent locations in 
different cells (Supplementary Fig. 3). Pileups are sufficiently randomly 
distributed and sparse so as not to affect counting at the resolution we 
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Figure 1 | Comparison of SK-BR-3 single cells to millions. a, b, The integer 
copy number profile for a single SK-BR-3 cell is shown (a) compared to a 
sequence count profile using millions of cells (b). ¢, d, A region on chromosome 
8q13.2-q24.23 is plotted showing the integer copy number profile (in red or 
blue) and a ratio of raw bin counts in grey for a single cell (c), anda million cells 
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(d). e, A heatmap of SK-BR-3 copy number profiles comparing a million-cell 
sample (SM) to seven single cells (S1-S7). f, A heatmap of SKN1 normal 
fibroblast profiles comparing a million-cell sample (FM) to seven single cells 
(F1-F7). 
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have chosen (54 kb). Assuming that single cells will have discrete copy 
number states, we segment the variable bins and calculate integer copy 
number profiles (Supplementary Fig. 4; see Methods). 

To validate our method, we compared the sequence counting profile 
of DNA from a single SK-BR-3 cell (Fig. 1a) with DNA from one 
million cells (Fig. 1b). The major amplifications (MET, TPD52, 
ERBB2, BCAS1) and deletions (DCC) are detected in both profiles, 
as are much more abundant but less marked small changes in copy 
number. To demonstrate how reproducible small differences are, we 
assessed data for a complex region on chromosome 8q13.2-q24.23 that 
contains more than thirty segments with differing copy number. These 
data were reproducible in both a single-cell (Fig. 1c) and a million-cell 
sample (Fig. 1d). We also compared the sequence read profiles from 
several single cells and from a million cells to each other and to the 
profile measured by microarray comparative genomic hybridization 
(CGH) from bulk DNA (Supplementary Fig. 5). In all instances the 
profiles showed very high (1° > 0.85) correlation. The reproducibility 


and variation between single-cell copy number profiles was also inves- 
tigated by comparing seven single cells from a culture of SK-BR-3 and 
seven from normal human fibroblasts. These data are shown as heat 
maps (Fig. le-f), which show that some genomic variation exists 
between cells. The diploid fibroblast cultures showed no random 
events; we observed only a few consistent events at levels expected 
for heritable copy number variations. 

We selected next two high-grade (III), triple-negative (ER , PR , 
HER2_) ductal carcinomas (T10, T16P) and a paired metastatic liver 
carcinoma (T16M) to study tumour population structure and infer 
tumour evolution by single-cell analysis. T10 was selected to study 
primary tumour growth because it was previously shown’ to be 
genetically heterogeneous (polygenomic), and T16P was selected 
because it was classified as genetically homogeneous (monogenomic). 

T10 was macrodissected into 12 sectors to preserve anatomical 
information, and nuclei were flow-sorted from six sectors (S1—S6) 
for SNS (Fig. 2a). Fluorescence-activated cell sorting (FACS) analysis 
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Figure 2 | Analysis of 100 single cells from a polygenomic breast tumour. 
a, T10 was macrodissected into 12 sectors, and nuclei were isolated from six 
sectors and flow-sorted by ploidy. FACS profiles show four distributions of 
ploidy (F1-F4), which were gated to isolate 100 single cells. b, Neighbour- 
joining tree of integer copy number profiles showing four major branches of 
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evolution. c, Phylogenetic tree of consensus profiles show the common 
ancestors and evolutionary distance between subpopulations. Integer copy 
number profiles from single cells are displayed below, and pie charts indicate 
the percentage of cells that constitute each subpopulation. 
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showed four major distributions of ploidy: a hypodiploid fraction (F1) 
exclusive to sectors 1-3; a diploid 2N fraction (F2) in all sectors; and two 
subtetraploid fractions (F3 and F4) in sectors 4-6. We selected 100 single 
cells from multiple sectors and ploidy fractions for sequencing and 
calculation of integer copy number profiles (Supplementary Table 1). 

Breast tumours are typically mixtures of cancer cells with normal 
tissue, stroma and infiltrating leukocytes. By histopathology, T10 was 
assessed to contain 63% normal and 37% tumour cells and noted to be 
heavily infiltrated with leukocytes. Most of the diploid nuclei from F2 
had flat genome profiles, characteristic of normal cells. Nearly two- 
thirds (31/47) of these diploid profiles showed narrow deletions in the 
T-cell receptor loci or one or more immunoglobulin variable region 
loci, consistent with infiltration by immunocytes (data not shown). Of 
the remaining sixteen nuclei from F2, twelve showed no discernable 
aberrations, but four nuclei showed aberrant profiles with diverse 
chromosome gains and losses. Each of these ‘pseudodiploid’ nuclei 
profiles seemed unrelated to the others or to those of the major tumour 
cell populations found in fractions F1, F3 and F4. 

To determine population substructure we calculated pair-wise dis- 
tances between the 100 integer copy number profiles, and built a tree 
using neighbour joining’ (Fig. 2b). The 100 profiles clustered into four 
subpopulations (D+P, H, AA and AB) regardless of their sector of 
origin. The D+P subpopulation contains predominantly flat diploid 
(D) profiles, but also pseudodiploid (P) cells that have diverged by 
varying degrees from the diploids. The three major ‘advanced’ tumour 
subpopulations (H, AA and AB) are highly clonal with complex geno- 
mic rearrangements, and together comprise slightly less than half the 
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cells of the tumour. These cells were isolated from the hypodiploid (F1) 
and two subtetraploid (F3 and F4) ploidy fractions, respectively. We 
had previously identified these subpopulations by profiling millions of 
cells by array CGH", but we could not determine if they were com- 
posite mixtures of different tumour clones. By SNS we can now see that 
each subpopulation is composed of cells that share highly similar copy 
number profiles, probably representing three clonal expansions. Each 
subpopulation (H, AA and AB) is clearly related to the others by many 
shared genomic alterations, but they have also diverged and developed 
distinct attributes (for example, a massive 50-fold amplification of the 
KRAS oncogene in AB). The H cells display the characteristic ‘sawtooth’ 
pattern'® comprising broad chromosomal deletions (Fig. 2c). They are 
anatomically segregated in sectors $1-S3 of the tumour, whereas the 
AA and AB clones are intermixed and occupy sectors S4-S6. 

To understand the relationship between subpopulations, we 
clustered profiles by chromosome breakpoints (which are directly 
related to the steps by which tumour cells diverge). We identified 
657 copy number breakpoints and used them to build a phylogenetic 
tree, which closely resembles the structure of the neighbour-joining 
tree based on copy number (Supplementary Fig. 6). We also applied 
biclustering’® to construct a heat map of breakpoints, and ordered it on 
the basis of the copy number tree to show which breakpoints were 
common or divergent between the major subpopulations (Supplemen- 
tary Fig. 7a). Although there is considerable variation within each 
subpopulation, no obvious further population substructure was 
evident. To estimate the common ancestors, we constructed a phylo- 
genetic lineage using the consensus breakpoint patterns from the 
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Figure 3 | Analysis of 100 single cells from a monogenomic breast tumour 
and its liver metastasis. a, b, Primary breast tumour T16P was macrodissected 
and 52 nuclei were isolated from three sectors for FACS, showing two 
distributions of ploidy (F1 and F2). b, Liver metastasis T16M was 
macrodissected and 48 nuclei were isolated from three sectors for FACS also 


showing two ploidy distributions (Fl and F2). c, Neighbour-joining tree of 
combined integer copy number profiles from the primary and metastatic 
tumours. d, Comparison of primary and metastatic aneuploid consensus copy 
number profiles. 
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major tumour subpopulations (Fig. 2c). This lineage shows that the 1, 
common ancestor diverged a significant distance from the diploid 
cells, but that the distance between n and nz is very small. By contrast, 
the divergence of the subpopulations after , and nz is very large, with 
AB showing the greatest phylogenetic distance from the diploids. Thus 
we infer that the three subpopulations emerged when the tumour was 
much smaller. 

We investigated a second tumour to determine whether these find- 
ings extend. We isolated 52 cells from a primary breast tumour (T16P) 
and 48 cells from its associated liver metastasis (T16M). Each tumour 
was macrodissected into six sectors, three of which were flow-sorted 
(Fig. 3a, b). Both T16M and T16P showed diploid peaks (F1) and a 
single aneuploid tetraploid peak (F2) of roughly equal cell count in all 
sectors (Supplementary Table 2), consistent with histological sections 
showing approximately 50% tumour and 50% normal (stromal) cells 
with low leukocyte infiltration in both samples. To explore population 
substructure we again constructed neighbour-joining trees from the 
integer copy number profiles, combining the primary and metastasis 
cells (Fig. 3c). We observed again numerous pseudodiploid cells, but a 
single subpopulation of aneuploid cells very diverged from the diploid 
population. As for T10, the 12 pseudodiploid cells from T16P showed 
diverse genomic lesions with no clear relationships to each other or to 
the main tumour lineage. Of the 24 normal diploids in the primary, 
two had deletions of the T-cell receptor. There were no pseudodiploid 
cells among the 26 diploid cells from the metastasis. 

These data indicate that the primary tumour mass formed by a 
single clonal expansion of an aneuploid cell, and that one of the cells 
from this expansion subsequently seeded the metastatic tumour with 
little further evolution. There are no branches of the tree correspond- 
ing to cells intermediate between the aneuploid subpopulation and the 
diploid root. Although closely related, the primary and metastatic 
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aneuploid cells cleanly separate using the Euclidean metric (Fig. 3c), 
indicating that the two populations have not mixed since seeding the 
metastasis. The differences in the profiles that distinguish the primary 
and metastatic tumour populations are in the degree of copy number 
change rather than breakpoints (Fig. 3d). In a hierarchical tree created 
from breakpoints alone, we cannot cleanly separate primary from 
metastatic aneuploid cells (Supplementary Fig. 6b). Moreover, when 
we calculate common breakpoints in the single-cell profiles and apply 
biclustering to ordered samples (Supplementary Fig. 7b), a large num- 
ber of breakpoints are common to both populations and no breakpoints 
cleanly distinguish them. By these analyses, no further population sub- 
structure is evident. 

In contrast to the clear clonal relationships among aneuploid sub- 
populations, pseudodiploid cells are unusual in showing remarkable 
genomic heterogeneity (Fig. 4). Pseudodiploid profiles are characterized 
by nonrecurring copy number changes (including whole chromosome 
arms) that are not shared between any two pseudodiploid cells, nor with 
the corresponding tumour profiles (Fig. 4e). These data indicate that 
unlike the aneuploid cells, pseudodiploids do not undergo clonal expan- 
sions in the tumour. Nevertheless, they comprise a substantial pro- 
portion of the diploid gated cells: 8% in T10 (4/47) and 33% in T16P 
(12/36), or approximately 4% and 24% of the tumour mass, respectively. 
In contrast, the 18 profiles from single nuclei of normal adjacent breast 
tissue are all flat (Fig. 4a). The relative abundance of pseudodiploid cells 
in primary tumours indicates that they may emerge from an ongoing 
aberrant process that generates genomic diversity in the tumour. 

In principle, we can learn about DNA sequence mutations from SNS 
data. However, the sparse sequence coverage makes this analysis prob- 
lematic. By combining data from multiple cells, belonging to well- 
defined subpopulations, we can perform global and regional analysis 
at the many nucleotide positions where sufficient numbers of sequence 
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Figure 4 | Genetically diverse pseudodiploid cells in the diploid fractions of 
tumours. a—d, Haematoxylin and eosin stained tissues sections are shown in 
the upper panels with normal (N) and tumour (T) cell percentages indicated. 
Lower rows show bin counts and copy number profiles of single cells isolated 
from the 2N gated ploidy distributions, and the total number of cells analysed is 
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indicated below each column. The columns are: normal breast tissue cells 

(a); pseudodiploid cells in T10 (b); pseudodiploid cells in T16P (c); and diploid- 
gated nuclei from T16M (d). e, Bin counts and copy number profiles of single 
cells from the major aneuploid tumour subpopulations. 
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reads overlap. When examined this way, losses of heterozygosity are 
unequivocally significant, and map in large contiguous genomic blocks 
that correlate well with copy number loss (Supplementary Fig. 8 and 
Supplementary Table 3). The extensive loss of heterozygosity detected 
in all of the T10 subpopulations and in T16 indicates that both cancers 
passed through a hypodiploid stage. 

Our study demonstrates that we can obtain robust high-resolution 
copy number profiles by sequencing a single cell and that by examining 
multiple cells from the same cancer we can make inferences about the 
evolution and spread of cancer. Moreover, the identification of pseudo- 
diploid cells shows that these methods can identify cell types previously 
undetectable by other methods. Our findings are consistent with pre- 
vious findings’’ using bulk DNA, which indicate that copy number 
profiles in primary tumours are highly similar to the metastases. Thus, 
the metastatic cells emerge from a main advanced expansion, and not 
from an earlier intermediate or a completely different subpopula- 
tion. This is consistent with recent deep-sequencing studies of primary- 
metastatic pairs, all indicating that metastatic cells arise late in tumour 
development'*””. 

There are many gradual models for tumour progression, including 
clonal evolution”®, the mutator phenotype*'”’ and stochastic progres- 
sion**. Although we have examined only two cancers in depth, both 
show a pattern of tumour growth that we call ‘punctuated clonal 
evolution’, borrowing a term from species evolution used to explain 
gaps in the fossil record’*. Explicitly, the tumour subpopulations are 
each distant from their root, without observable intermediate branch- 
ing. In contrast to gradual models, this pattern reflects the sudden 
emergence of a tumour cell whose rate of effective population growth 
markedly exceeds its rate of genomic evolution. 


METHODS SUMMARY 

To perform SNS, nuclei are isolated either from cells in culture or frozen tumour 
sections and stained with 4’ ,6-diamidino-2-phenylindole (DAPI). We use FACS to 
gate a desired population of nuclei by total DNA content and to deposit nuclei singly 
into 96-well plates. After WGA using Sigma GenomePlex, we sonicate to create free 
DNA ends without WGA adapters, and then construct libraries for 76 bp, single- 
end sequencing using one lane of an Illumina GA2 flowcell per nucleus. For each 
nucleus we typically achieve 9 million (mean = 9.042 million, s.e.m. + 0.328, 
n= 200) uniquely mapping reads using the Bowtie” alignment software. These 
sequences cover about 6% (mean = 5.95%, s.e.m. + 0.229, n = 200) of the genome, 
and are used to count sequence reads in 50,000 variable bins. The bin counts are 
segmented using a KS statistic and used to calculate integer copy number profiles. 
Neighbour-joining trees are constructed from the integer profiles and from the 
chromosome breakpoint patterns of each cell to infer evolution. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Samples. The frozen ductal carcinoma T10 (CHTN0173) was obtained from the 
Cooperative Human Tissue Network, and T16P and T16M were obtained from 
Asterand. Pathology shows that both tumours were poorly differentiated and high 
grade (III) as determined by the Bloom-Richardson score, and triple-negative 
(ER ,PR and HER2/NEU_) as determined by immunohistochemistry. The cell 
lines used in this study include a normal male immortalized skin fibroblast (SKN1) 
anda breast cancer cell line (SK-BR-3). Normal breast tissue was obtained from H. 
Hibshoosh from Columbia University. 

SNS. Nuclei were isolated from cell lines and from the frozen tumour using an 
NST-DAPI buffer (800 ml of NST (146mM NaCl, 10 mM Tris base at pH 7.8, 
1mM CaCl, 21 mM MgCh, 0.05% BSA, 0.2% Nonidet P-40)), 200 ml of 106 mM 
MgCl, 10 mg of DAPI, and 0.1% DNase-free RNase A. The frozen tumour was 
first macrodissected into 12 sectors of equal size using surgical scalpels and nuclei 
were isolated from six sectors for FACS by finely mincing a tumour sector ina Petri 
dish in 1.0-2.0ml of NST-DAPI buffer using two no. 11 scalpels in a cross- 
hatching motion. The cell lines were lysed directly in a culture plate using the 
NST-DAPI buffer, after first removing the cell culture media. All nuclei suspen- 
sions were filtered through 37-\1m plastic mesh before flow-sorting. 

Single nuclei were sorted by FACS using the BD Biosystems Aria II flow 
cytometer by gating cellular distributions with differences in their total genomic 
DNA content (or ploidy) according to DAPI intensity. First, a small amount of 
prepared nuclei from each tumour sample was mixed with a diploid control 
sample (derived from a lymphoblastoid cell line of a normal person) to accurately 
determine the diploid peak position within the tumour and establish FACS col- 
lection gates. Before sorting single nuclei, a few thousand cells were sorted to 
determine the DNA content distributions for gating. A 96-well plate was prepared 
with 10 pl of lysis solution in each well from the Sigma-Aldrich GenomePlex 
WGA4 kit. Single nuclei were deposited into individual wells in the 96-well plate 
along with several negative controls in which no nuclei were deposited. 

WGA was performed on single flow-sorted nuclei as described in the Sigma- 
Aldrich GenomePlex WGA4 kit (catalogue no. WGA4-50RXN) protocol. WGA 
fragments from the frozen breast tumour and SK-BR-3 single cells were used 
directly for single-read library construction using the Illumina Genomic DNA 
Sample Prep Kit (catalogue no. FC-102-1001) and following standard protocol 
with a gel purification size range of 300-250 bp. WGA fragments from the fibro- 
blast cell line were first sonicated using the Diagenode Bioruptor using the fol- 
lowing program: 2 times, 7 min with 30s high on/off mode in ice-cold water. 
Sonication removes a specific 28 bp adaptor sequence that is added on during 
WGA, and improves the total number of sequencing reads per lane. 

Single-read libraries from single nuclei were sequenced on individual flow-cell 
lanes using the Illumina GA2 analyser for 76 cycles. Data was processed using the 
Illumina GAPipeline-1.3.2 to 1.6.0. Sequence reads were aligned to the human 
genome (HG18/NCBI36) using the Bowtie alignment software’ with the follow- 
ing parameters: ‘bowtie -S -t -m 1 -best -strata —p16’ to report only top scoring 
unique mappings for each sequence read. For each nucleus we typically achieve 9 
million (mean = 9.042 million, s.e.m. + 0.328, n = 200) uniquely mapping reads. 
These sequences cover about 6% (mean = 5.95%, s.e.m. + 0.229, n = 200) of the 
genome uniquely. To eliminate PCR duplicates, we removed sequences with 
identical start coordinates. 

Read depth counting in variable bins. Copy number is calculated from read 
density, by dividing the genome into ‘bins’ and counting the number of unique 
reads in each bin. In previous copy number studies read density was calculated 
using bins with uniform fixed length'® ”. In contrast, we use bins of variable length 
that adjust size depending on the mappability of sequences to regions of the 
human genome. In regions of repetitive elements, lower numbers of reads are 
expected and thus the bin size is increased. To determine interval sizes we simu- 
lated sequence reads by sampling 200 million sequences of length 48 from the 
human reference genome (HG18/NCBI36) and introduced single nucleotide 
errors with a frequency encountered during Illumina sequencing. These sequences 
were mapped back to the human reference genome using Bowtie” with unique 
parameters as described earlier. We assigned a number of bins to each chro- 
mosome based on the proportion of simulated reads mapped. We then divided 
each chromosome into bins with an equal number of simulated reads. This 
resulted in 50,009 genomic bins with no bins crossing chromosome boundaries. 
The median genomic length spanned by each bin is 54 kb. For each cell the number 
of reads mapped to each variable length bin was counted. This variable binning 
efficiently reduces false deletion events when compared to uniform length-fixed 
bins as shown in Supplementary Fig. 2b and c. For a single cell we typically 
measure 138 sequence reads per bin. 

Integer copy number quantification. Single cells will have integer copy number 
states that we can infer from sequence read counts, as follows. Unique sequence 
reads are counted in variable bins (Supplementary Fig. 4a) and segmented using 


the Kolmogorov-Smirnov (KS) statistic (Supplementary Fig. 4b). To estimate the 
integer differences of copy number states, we calculate Gaussian kernel smoothed 
density plots using Splus (MathSoft), showing the difference between median bin 
counts for all pair-wise combinations of different segments (Supplementary Fig. 
4c-e). The uniform steps between groups are very apparent, and are a general 
property of single-cell data. We then convert our KS-segmented data into profiles 
of integer copy number as follows. We take the differential bin count of the second 
peak, denoted by an asterisk in Supplementary Fig. 4a, to represent a copy number 
‘increment’ of 1. We then divide every bin count in the profile by the increment 
and round to infer the integer copy number. We show in Supplementary Fig. 4f-g 
how closely the segmentation profile agrees with the integer copy number profile. 
However, for diploid or near diploid cells there are few to no steps from which to 
observe the increment, and we use a different method, taking the increment as the 
median bin count on the autosomes divided by two. 

Gene annotations. Amplifications and deletions identified in the single-cell copy 
number profiles were annotated to identify UCSC genes. Cancer genes were 
identified using a compiled database from the cancer gene consensus and the 
NCI cancer gene index (Sophic Systems Alliance, Biomax Informatics AG). 
Neighbour-joining trees of copy number profiles. Integer copy number profiles 
of single cells were used to calculate neighbour-joining trees using a Euclidean 
distance metric with Matlab (Mathworks). Branches were flipped to orient nodes 
within subpopulations and trees were rooted using the last common diploid node. 
Common breakpoint detection. Breakpoints are defined as bins with a copy 
number different than the previous bin in genome order. A transition from a 
lower copy number to a higher copy number (in genome order) is considered 
to be a different event than the opposite transition. To find breakpoint regions we 
count each breakpoint in each cell and the immediately neighbouring bins. A 
contiguous set of bins with counts greater than 1 is designated a breakpoint region. 
This results in a set of common breakpoint regions. Each cell is then scored for the 
occurrence of each of these events, a one meaning the cell has a copy number 
transition of that type (low to high or high to low) in that genomic region and a 
zero meaning no copy number transition of that type in that region. 
Hierarchical tree of chromosome breakpoints. We used chromosome break- 
points patterns to build a neighbour-joining tree. To eliminate breakpoint events 
with a high standard deviation, we limited our analysis to breakpoint regions 
covering no more than seven adjacent bins (N = 657). Using a Euclidean metric, 
we calculated a distance matrix from the binary chromosome breakpoint patterns 
identified in the single cells using Matlab (Mathworks). From this distance matrix 
we constructed a tree using average linkage. 

Heatmap of chromosome breakpoints. The biclustering heatmap is based on the 
same set of breakpoints used to build the neighbour-joining tree. Colour indicates 
the presence of an event, and white means no event. The columns are ordered as in 
the tree. The rows are events ordered to show clearly which of the subsets of the 
four main groups share which events. The groups are ordered by subpopulation. A 
four-dimensional binary vector represents each of the 16 possible subsets of these 
groups (subset vector). Each breakpoint is represented by a four-dimensional 
vector of the per cent of cells in each group having an event at that breakpoint 
(the ‘breakpoint vector’). The angle from each breakpoint vector to each subset 
vector is computed as well as the length of each projection vector. If the length of 
the projection vector is less than 0.05 the breakpoint vector is assigned to the empty 
(0,0,0,0) subset, otherwise it is assigned to the subset vector with the smallest angle 
to the breakpoint vector. The rows are ordered by subset vector in the following 
order: (1,1,1,1), (0,0,0,1), (0,0,1,0), (0,1,0,0), (1,0,0,0), (0,0,1,1), (0,1,0,1), (1,0,0,1), 
(0,1,1,0), (1,0,1,0), (1,1,0,0), (0,1,1,1), (1,0,1,1), (1,1,0,1), (1,1,1,0), (0,0,0,0). Within 
each subset the rows are in descending order by the number of cells in that subset 
having that event and then in ascending order by the number of cells outside of that 
subset that do not have that same event. 

Analysis of loss of heterozygosity using sequence mutations. PCR duplicates 
were removed from mapped sequence reads and bases with a quality score below 
30 were excluded from analysis. We then determined the set of observed nucleo- 
tide types for each cell sequenced from the T10 and T16P and T16M tumours and 
every position in the genome. For each subpopulation we classified a position as 
the observed nucleotides only if one or two nucleotide types were each observed in 
five or more cells in the subpopulation. For each grouping of subpopulations DH, 
DA, ifa classification was made in every subpopulation in the group, we translated 
the classifications into the generic nucleotides (a,b) based upon the order in which 
they were seen in the group, from left to right. We counted the resulting classifica- 
tions of positions for each group by class, and determined whether long blocks of 
identical classifications along a chromosome were expected by chance. To estab- 
lish the significance of our classification counts, we repeated our analysis 100 times 
with randomly permuted cell labels within each group of subpopulations. We 
eliminated any effects from differing subpopulation size in a separate set of runs 
of the same analysis, each with 24 randomly selected cells in every subpopulation. 
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Catecholamine receptor polymorphisms 
affect decision-making in C. elegans 


Andres Bendesky', Makoto Tsunozaki', Matthew V. Rockman’, Leonid Kruglyak® & Cornelia I. Bargmann! 


Innate behaviours are flexible: they change rapidly in response to transient environmental conditions, and are modified 
slowly by changes in the genome. A classical flexible behaviour is the exploration-exploitation decision, which describes 
the time at which foraging animals choose to abandon a depleting food supply. We have used quantitative genetic 
analysis to examine the decision to leave a food patch in Caenorhabditis elegans. Here we show that patch-leaving is 
a multigenic trait regulated in part by naturally occurring non-coding polymorphisms in tyra-3 (tyramine receptor 3), 
which encodes a G-protein-coupled catecholamine receptor related to vertebrate adrenergic receptors. tyra-3 acts in 
sensory neurons that detect environmental cues, suggesting that the internal catecholamines detected by tyra-3 
regulate responses to external conditions. These results indicate that genetic variation and environmental cues 
converge on common circuits to regulate behaviour, and suggest that catecholamines have an ancient role in 


regulating behavioural decisions. 


Despite abundant evidence for heritability of behavioural traits within 
and between species, only a few naturally varying traits have been 
associated with polymorphisms in specific genes’. Foraging for food 
is an ecologically relevant, environmentally regulated behaviour that 
is suitable for genetic analysis, as it can differ between populations ofa 
species that live in different habitats’. An essential foraging decision is 
the choice between exploiting existing resources and exploring other 
options that may provide new resources. This decision can be 
described by Charnov’s marginal value theorem, which proposes that 
the optimal time for an animal to leave a foraging ground occurs when 
local resource levels fall below the average level in the entire habitat’. 
The marginal value theorem was developed for animals foraging for 
food in patchy environments, but has analogies with diverse decision- 
making processes in field biology, cognitive neuroscience and eco- 
nomics***. 

Studies of patch-leaving behaviour in the nematode C. elegans have 
revealed innate, environmental and experience-dependent factors 
that affect its foraging decisions. C. elegans rarely leaves a dense lawn 
of high-quality bacterial food’*, but more frequently leaves lawns of 
pathogenic bacteria or lawns that are spiked with chemical repel- 
lents”'®, Males will leave lawns that do not contain potential mates’’, 
while hermaphrodites leave lawns when animal density is high’’. In 
addition, wild-type strains vary in their propensity to leave bacterial 
lawns based on a genetic polymorphism that affects the G-protein- 
coupled neuropeptide receptor NPR-1 (refs 12-14). This npr-1 poly- 
morphism affects many foraging behaviours; low-activity npr-1 
strains aggregate into social feeding groups, move quickly on food, 
and have altered responses to oxygen, carbon dioxide and phero- 
mones compared to the N2 laboratory strain'**°. The high-activity 
allele of npr-1 in N2 arose in the laboratory, probably as an adaptation 
to laboratory conditions’, so it is not known whether genetic vari- 
ation affects C. elegans foraging in natural environments. 

Natural genetic variation within a species can generate diversity in 
foraging behaviour, as exemplified by the polymorphic Drosophila 
melanogaster foraging (for) gene, which encodes a cyclic guanosine 


monophosphate (cGMP)-dependent protein kinase’. A low-activity 
allele of for is present in Drosophila sitter larvae, which move slowly 
on a food patch; a high-activity allele of for is present in rover larvae, 
which move quickly and disperse rapidly”. A for-related cGMP- 
dependent kinase affects foraging in honeybees, ants and nematodes, 
suggesting that diverse animals share molecular mechanisms for 
behavioural regulation”. 

To gain further insight into the genetics and neurobiology of 
exploratory behaviour in C. elegans, we here use quantitative genetic 
analysis to examine this behaviour’s genetic architecture in wild-type 
strains, and show that genetic variation in multiple loci, including a 
catecholamine receptor, interacts with environmental conditions to 
regulate the exploitation-exploration decision. 


Multiple loci affect leaving behaviour 


Different wild-type strains of C. elegans vary in their tendency to leave 
or remain on a standardized small lawn of bacterial food (Fig. 1a). For 
example, adult hermaphrodites from the laboratory strain N2 leave 
the lawn only once every 100 min, whereas animals from the CB4856 
(HW) strain isolated from pineapple fields in Hawaii leave the lawn 
once every 5-6 min (Fig. 1b, Supplementary Movies 1 and 2). To 
determine the genetic architecture of this behavioural difference 
between N2 and HW, we quantified leaving rates in 91 N2-HW 
recombinant inbred advanced intercross lines (RIAILs)™*. 58 of the 
RIAILs had low leaving rates comparable to N2, only 6-10 had high 
leaving rates comparable to HW, and 23 had intermediate rates 
(Fig. 1c). The excess of low leaving rates and the continuous beha- 
vioural distribution in RIAILs suggest that leaving is a multigenic 
quantitative trait. 

Quantitative trait locus (QTL) analysis of the RIAILs uncovered 
two regions with significant effects on leaving rates, one on the X 
chromosome and one on chromosome II (Fig. 1d). The X chro- 
mosome QTL overlapped with the location of the polymorphic 
G-protein-coupled neuropeptide receptor NPR-1, which affects many 
food-related behaviours’*'*. The npr-1 polymorphism has previously 
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Figure 1 | Lawn-leaving behaviour varies between wild-type C. elegans 
strains. a, Lawn-leaving assays. Top, six adult HW hermaphrodites on a 
bacterial lawn. One animal has left the lawn and one is leaving. Bottom, track of 
a HW animal during 5 min of an assay. The track is colour-coded to show 
passage of time (colour scale at bottom). The border of the lawn is outlined. 
Scale bar, 6 mm. b, Leaving rates of six wild-type strains. c, Leaving rates of 91 
N2-HW recombinant inbred advanced intercross lines (RIAILs)”* and parental 
strains. d, QTL analysis of RIAILs shown in c. The horizontal line denotes the 
P<0.01 genome-wide significance threshold. lod, log likelihood ratio. Error 
bars in b and ¢, s.e.m. 


been shown to affect leaving, as well as locomotion speed on food, a 
behaviour that partially correlates with leaving rate'*’* (Supplemen- 
tary Fig. 2). Examining the npr-1 genotype in the RIAILs revealed a 
strong but asymmetric correlation with leaving rates (Fig. 1c). Every 
strain with the N2 allele of npr-1 had low leaving rates (=1 event every 
20 min), but strains with the HW allele of npr-1 could have either low 
or high leaving rates (Fig. 1c). The asymmetric distribution is con- 
sistent with a role for npr-1 in leaving behaviour, but indicates that 
npr-1 has epistatic interactions with other loci segregating in the 
RIAILs. 

The involvement of npr-1 in leaving behaviour was confirmed by 
analysing near-isogenic lines (NILs) containing the N2 and HW npr-1 
alleles in the reciprocal strain background, and by examining npr-1 
null mutants (Supplementary Fig. 3). Specific transgenic expression of 
the N2 npr-1 allele in its essential site of action, the RMG motor 
neurons’’, sharply reduced the leaving rate of HW animals (Sup- 
plementary Fig. 3). Thus npr-1 is a regulator of HW leaving rates, 
but not the only contributing gene. 


tyra-3 affects leaving behaviour 


Studies in yeast, flies, mice, and plants have shown that individual 
QTLs often resolve into several genes that contribute to phenotypic 
variance****. Similarly, fine-mapping of the ~1 megabase (Mb) QTL 


2 | NATURE | VOL 000 | 00 MONTH 2011 


that contained npr-1 suggested the existence of multiple loci that 
affected leaving rates. A NIL with <150 kilobases (kb) of N2 DNA 
spanning the npr-1 locus introgressed into HW had N2-like leaving 
rates (leav-1 QTL, Fig. 2a and Supplementary Fig. 3). A second NIL 
with 700 kb of N2 DNA that did not cover npr-1 introgressed into HW 
also had a low leaving rate, with about half the leaving rate of HW 
(leav-2 QTL, Fig. 2a). These results suggest the existence of a second 
X-linked locus that affects leaving rates, which we called leav-2. The 
leav-2 region did not affect leaving in the N2 genetic background 
(Fig. 2a), so all subsequent experiments were conducted in the HW 
background. 

A 100 kb minimal region for leav-2 was identified by analysing the 
breakpoints of individual RIAILs (Supplementary Fig. 4 and 
Supplementary Methods). We characterized the genetic properties 
of leav-2 by crossing the leav-2 NIL strain with HW. The heterozygous 
F, progeny had leaving rates similar to the leav-2 NIL (Fig. 2a), indi- 
cating that the N2 leav-2 locus was dominant to HW and suggesting 
that N2 transgenes covering the relevant gene should reduce the 
leaving rate of HW animals. Therefore, overlapping N2 genomic 
DNA fragments from the 100 kb minimal Jeav-2 region were intro- 
duced into HW animals by microinjection (Fig. 2b and Supplemen- 
tary Fig. 5). A single gene in this region reduced leaving rates: tyra-3, 
which encodes a G-protein-coupled receptor for the invertebrate 
noradrenaline-like neurotransmitters tyramine and octopamine”’. 
Tyramine and octopamine receptors are related to vertebrate adre- 
nergic receptors, and are thought to carry out analogous functions. 
tyra-3 genomic fragments from the N2 strain were more active than 
tyra-3 fragments from the HW strain injected at the same concentra- 
tion, consistent with the possibility that tyra-3 is a polymorphic gene 
that differs between N2 and HW (Fig. 2b). 

If leav-2 corresponds to tyra-3, a tyra-3 mutation should eliminate 
its activity”°. To test this prediction genetically, a null allele of tyra-3 in 
an N2 background was introgressed into a HW background. The N2 
region in the resulting NIL covered from 4.9 to 5.4Mb of the X 
chromosome, the inferred position of leav-2. The tyra-3(0k325) null 
NIL had high (HW-like) leaving rates, suggesting that N2 leav-2 
activity was not present in the strain (Fig. 2a). Heterozygotes between 
HW and the near-isogenic tyra-3(0k325) null strain also had high 
leaving rates (Fig. 2a). These results are as expected if the active locus 
in leav-2 is tyra-3; however, other genes within the introgressed 
regions could also contribute to the different leaving rates. 

To strengthen the connection between tyra-3 and leav-2, RNA 
interference against tyra-3 was performed in the Jeav-2 NIL that has 
low leaving rates due to the presence of the N2 QTL. Knockdown of 
tyra-3 increased the leaving rate of the leav-2 NIL to levels observed in 
HW animals, the result predicted if the tyra-3 locus from N2 reduces 
leaving (Fig. 2c). Comparable experiments in a pure HW strain had 
minimal effects, as expected if tyra-3 activity in HW is already low. 

Further confirmation that the HW allele of tyra-3 has reduced 
biological activity was provided by examining the one phenotype 
previously associated with tyra-3, avoidance of dilute octanol”. 
tyra-3 null mutants avoid octanol more strongly than wild-type N2; 
the NIL strain with the HW tyra-3 allele had a similar enhanced 
octanol response, suggesting that the HW tyra-3 allele has reduced 
tyra-3 function (Supplementary Fig. 6). 


Non-coding changes affect tyra-3 activity 
The differential activity of N2 and HW genomic tyra-3 fragments in the 
leaving assay suggested that N2 and HW alleles are functionally distinct 
(Fig. 2b). To identify polymorphisms between N2 and HW alleles of 
tyra-3, we sequenced ~19kb surrounding the tyra-3 locus in HW. 
There were 34 differences between HW and the N2 consensus genomic 
sequence (Fig. 3a): 33 non-coding changes and a single coding differ- 
ence that changed a glutamic acid in the tyra-3b isoform to glycine. 
Sequences that contribute to the differential activity of N2 and HW 
tyra-3 alleles were localized further using transgenic assays. We fused 
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Figure 2 | N2 and HW tyra-3 alleles differentially affect leaving rates. 

a, Dissection of the QTL on X into two loci: leav-1 (4.70-4.78 Mb) and leav-2 
(4.78-5.75 Mb). ‘Genotype’ shows chromosomes; thick line is X chromosome. 
Blue denotes HW DNA, red denotes N2 DNA, and yellow denotes the tyra- 
3(0k325) null mutant. In heterozygous strains, both X chromosomes are shown. 


N2 and HW tyra-3b complementary DNAs to 4.9 kb of non-coding 
N2 or HW sequence upstream of the tyra-3b start site and introduced 
each of the four resulting clones into the HW strain. tyra-3 transgenes 
with the N2 non-coding sequence were significantly more potent than 
comparable transgenes with the HW sequence, regardless of whether 
they preceded N2 or HW tyra-3 cDNAs (Fig. 3b), excluding the cod- 
ing polymorphism and localizing a functional difference between N2 
and HW tyra-3 genes to a 4.9 kb region that harbours 5 non-coding 
SNPs, 1 single nucleotide insertion, and a 184 bp deletion in HW. To 
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b, tyra-3 genomic fragments (Fig. 3a) reduce HW leaving rates. Blue, HW 
transgenes; red, N2 transgenes. Two-way analysis of variance (ANOVA) 
showed significant effects of both transgene concentration and DNA strain of 
origin. c, Effect of tyra-3 RNAi. Error bars, s.e.m. *P < 0.05, **P < 0.01, 
***P <0),001 by t-test or ANOVA with Dunnett test. NS, not significant. 


narrow the relevant change down further, the 184 bp deletion was 
engineered into the N2 tyra-3 genomic fragment; this clone was sig- 
nificantly less potent in the leaving assay than the full N2 genomic 
fragment (Supplementary Fig. 7). These results indicate that the 
184 bp deletion represents at least part of the functional difference 
between N2 and HW tyra-3 alleles. 

Sequence variation in tyra-3 non-coding regions could affect the level 
or location of tyra-3 expression. Quantitative reverse transcription- 
PCR analysis (RT-PCR) of tyra-3 mRNA levels in mixed-stage animals 
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Figure 3 | Non-coding changes in tyra-3 affect its activity and expression 
level. a, HW polymorphisms in the tyra-3 locus relative to N2. tyra-3 encodes 
three predicted G-protein-coupled receptors, shown as diagrams to the left of 
the gene structures for tyra-3a, tyra-3b and tyra-3c. The genomic region 
examined in Fig. 2b and the 4.9 kb promoter used in b and Fig. 4a are indicated. 
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b, Leaving rates of transgenic HW animals with tyra-3b promoters (Ptyra-3b) 
fused to tyra-3b cDNAs. Error bars, s.e.m. **P < 0.01 by two-way ANOVA; no 
statistical interaction between the promoter and the cDNA. ¢, Relative amounts 
of tyra-3 isoform mRNAs (a) in HW, N2 and leav-2 strains (Fig. 2a). Error bars, 
s.d. **P < 0.01 compared to HW, ANOVA with Dunnett test. 
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indicated that N2 expressed approximately twice as much tyra-3 
mRNA as HW, consistent with increased tyra-3 activity in the N2 strain 
(Fig. 3c). The leav-2 NIL with N2 tyra-3 introgressed into HW also had 
high tyra-3 messenger RNA levels, suggesting that cis-acting changes 
affect tyra-3 expression (Fig. 3c). 

As both N2 and HW were cultivated in the laboratory for many years 
before permanent cultures were frozen, we wished to exclude the pos- 
sibility that the tyra-3 polymorphisms were laboratory-derived”’. 
Therefore, 19 kb of the tyra-3 locus was sequenced in all wild strains 
tested for leaving behaviour in Fig. 1, including three strains that were 
frozen immediately after their isolation. Each strain represents a differ- 
ent C. elegans haplotype group”*. Both N2-like and HW-like tyra-3 
sequences were represented in the wild-caught strains, confirming the 
wild ancestry of both alleles (Supplementary Table 1 and Supplementary 
Methods). Notably, the tyra-3 locus of MY1 was identical to N2 and, 
correspondingly, the leaving rate of MY1 was similar to that of N2. 


tyra-3 acts in sensory neurons 


The identification of tyra-3 provided an opportunity to characterize 
the neuronal basis of the decision to leave or remain on a food patch. 
The biological activity of a transgene with 4.9 kb upstream of the tyra- 
3b start site fused to a tyra-3 cDNA (Fig. 3b) implied that it was 
expressed in cells that regulate leaving behaviour. When this 4.9 kb 
region was fused to green fluorescent protein (GFP), it drove reliable 
expression in ASK, ADL, AIM, AUA, BAG, CEP, OLQ and SDQL 
neurons, in other unidentified neurons in the ventral ganglion and the 
tail, occasionally in AFD and AWC neurons, and in two non-neuronal 
cell types, the spermatheca and the distal tip cell (Fig. 4a and data not 
shown). The same set of cells was observed with reporter genes bear- 
ing either N2 or HW tyra-3 upstream regions, and in both N2 and 
HW genetic backgrounds. Together with the quantitative RT-PCR 
data (Fig. 3c), these results suggest that different tyra-3 expression 
levels, not different sites of expression, distinguish N2 and HW alleles. 

The neurons whose activity is regulated by tyra-3 were localized 
further by expressing tyra-3 cDNAs from cell-type-specific promoters. 
tyra-3 expression in ASK or BAG sensory neurons significantly 
reduced leaving, but expression in the CEP or ADL sensory neurons 
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Figure 4 | tyra-3 acts in ASK and BAG sensory neurons. a, Expression of 
4.9 kb N2 tyra-3b promoter::GFP fusion (Fig. 3a) in HW animal at low (left) 
and high (right) magnification. HW tyra-3b promoter::GFP is expressed in the 
same cells, which are labelled in the right panel. Posterior signal is gut 
autofluorescence. Scale bar, 20 um. b, Leaving rates of HW strains expressing 
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did not (Fig. 4b). The ASK neurons sense attractive food-derived 
amino acids*' and regulate search behaviours after animals are 
removed from food***. The BAG neurons sense CO, and O3;, two cues 
associated with bacterial metabolism**”’. Lowering O, to levels that 
activate BAG reduced leaving rates (Supplementary Fig. 8). 

To investigate whether the tyra-3 non-coding polymorphism affects 
expression in relevant neurons, single-copy N2 or HW tyra-3b pro- 
moters driving GFP were inserted into a single, defined chromosomal 
location using the MosSCI technique*’. GFP levels in ASK neurons 
were significantly higher for transgenes containing the N2 promoter 
compared to those containing the HW promoter (Fig. 4c). These 
results suggest that the N2 tyra-3 locus is associated with higher 
tyra-3 expression in ASK, as well as higher tyra-3 mRNA expression 
at a whole-animal level; expression in BAG was not examined. 

The behavioural functions of ASK and BAG, and the effect of tyra-3 
on those functions, were assessed by killing the neurons in different 
genetic backgrounds. Killing the ASK neurons reduced the leaving rate 
of HW animals, indicating that ASK can promote leaving (Fig. 4d). The 
ablation resembled the effect of the ASK::tyra-3 transgene, suggesting 
that tyra-3 reduces ASK activity. In agreement with this idea, killing the 
ASK neurons in a strain with the N2 high-activity tyra-3 allele did not 
reduce their leaving rates further. The effect of tyra-3 on ASK was 
selective for this assay; tyra-3 did not reduce lysine chemotaxis, a 
second ASK-dependent behaviour (Supplementary Fig. 9). 

Killing the BAG neurons increased leaving rates in the strain with 
the N2 tyra-3 allele, demonstrating that BAG neurons prevent leaving 
(Fig. 4d). However, killing BAG had no effect in the strain with the 
HW tyra-3 allele, suggesting that BAG activity is already low in this 
strain under the assay conditions. The ablation and genetic results 
suggest that the N2 tyra-3 allele decreases ASK activity and increases 
BAG activity, two changes that act together to prevent leaving 
(Supplementary Fig. 1). 


Gene-gene-environment interactions 


Like most natural behaviours, the decision to leave a food patch is 
regulated by multiple genes and the environment; it responds to genetic 
variation in tyra-3, npr-1, and additional genes on the autosomes 
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tyra-3b in specific cells. c, Left, GFP fluorescence intensity in ASK of HW 
animals with a MosSCI insertion of N2 or HW 4.9 kb tyra-3b promoter::GFP. 
Right, schematic of MosSCI technique”’. d, Leaving rates after killing ASK or 
BAG in HW and leav-2 strains (Fig. 2a). Error bars, s.e.m. *P < 0.05, 

**P < 0.01, ***P < 0.001 by t-test or ANOVA with Dunnett test. 
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(Fig. 1) as well as food quality and quantity’*. Our results suggested that 
the N2 npr-1 allele was epistatic to tyra-3; animals with the N2 npr-1 
allele had low leaving rates regardless of the tyra-3 genotype (Fig. 2a). 
However, N2 npr-1 reduced the leaving rate to almost zero, making it 
difficult to detect any further reduction. To make the assay more 
powerful, leaving was assayed on bacterial lawns of different densities. 
Leaving rates of all genotypes increased on thinner lawns and 
decreased on thicker lawns (Supplementary Fig. 10), but the thickness 
of the lawn changed the genetic interaction between tyra-3 and npr-1. 
In the standard leaving assay, tyra-3 polymorphisms had different 
effects only in the presence of the HW npr-1 allele; on a thinner lawn, 
only in the presence of the N2 npr-1 allele (Supplementary Fig. 10). 
Thus the epistatic relationship between npr-1 and tyra-3 is defined by 
the specific environment, not by an intrinsic regulatory relationship 
between the genes. 


Discussion 

Our results show that natural variation in tyra-3 affects patch leaving, a 
behaviour representative of the exploration-exploitation decision. 
tyra-3 encodes a G-protein-coupled receptor activated by the inver- 
tebrate transmitters tyramine and octopamine”’, which are structurally 
related to vertebrate adrenaline and noradrenaline. Catecholamines 
are known to regulate arousal systems that affect many behaviours 
and behavioural decisions. In C. elegans, octopamine drives sensory, 
molecular and behavioural responses to starvation, and tyramine 
affects specific aspects of locomotion*”*°. In insects, octopamine 
affects locomotory activity, arousal and aggression*!*’. Mammalian 
noradrenaline is generally implicated in arousal behaviours, and 
noradrenaline release from the locus coeruleus is associated with 
switching between different tasks, a cognitive function with analogies 
to the exploration-exploitation decision’®. 

Relatively few natural behavioural variations have been mapped to 
the single-gene level in any animal, and it is interesting that several of 
these variations affect G-protein-coupled receptor signalling sys- 
tems***°. We speculate that these receptor pathways may serve as 
common substrates of behavioural variation. All animal genomes 
encode many G-protein-coupled receptors with different expression 
patterns. These receptors may provide a reservoir for genetic changes, 
as alteration in an individual receptor could cause relatively discrete 
effects without disrupting the entire system. 

QTL mapping in rodents and in Drosophila indicates that most 
behavioural traits are polygenic, with widespread epistatic effects’**. 
In agreement with this conclusion, our analysis suggests the existence 
of epistatic interactions between tyra-3, npr-1 and at least one addi- 
tional locus. Importantly, the non-additive interactions between tyra-3 
and npr-1 are not stable, but vary based on the genetic background and 
the environment, similar to what has been found with yeast sporula- 
tion QTLs”, 

By integrating genetic studies of C. elegans foraging with neuronal 
analysis, we can provide a first-level description of underlying 
mechanisms. The sensory neurons that express tyra-3 detect food- 
related cues; we suggest that they integrate these external cues with 
internal arousal states detected by tyra-3, and that different tyra-3 
alleles confer differential sensitivity to these arousal states (Sup- 
plementary Fig. 1). Thus variation in tyra-3 lies at the intersection 
of many forms of behavioural flexibility: rapid responses to environ- 
mental cues, short-term modulation by internal state fluctuations, 
and long-term genetic changes that lead to adaptive changes in innate 
behaviours. 


METHODS SUMMARY 


Standardized leaving assays were conducted by videotaping seven adult hermaph- 
rodite animals for 30 min on a bacterial lawn that was low-density compared to their 
growth lawn. The number of leaving events was recorded manually by examining 
the video recordings, and further behavioural analysis was conducted with a Matlab 
code adapted from the Parallel Worm Tracker**. A leaving event was defined as an 
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episode in which the whole body of an animal left the bacterial lawn and the 
animal did not reverse immediately to return to the lawn. The leaving rate was 
calculated as the number of leaving events per worm minute spent inside the 
bacterial lawn. Experiments on each strain were repeated at least three times. 

QTLanalysis was performed on the mean leaving rates of N2-HW recombinant 
inbred advanced intercross lines (RIAILs) by non-parametric interval mapping in 
R/qtl**””. Significance levels were estimated from 10,000 permutations of the data. 
Near-isogenic lines (NILs) were created by backcrossing a chromosomal region or 
allele into the desired genetic background at least 9 times. Extrachromosomal 
transgenes were made by injection of DNA clones into the gonads of young adult 
hermaphrodites together with a fluorescent coinjection marker”. To control for 
variation between transgenes, two to five independent lines from each injection 
were characterized. Single-copy insertion of transgenes was performed using the 
direct MosSCI transposition technique, targeting the ttTi5605 Mos allele on chro- 
mosome II°*. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 


Analysis of behaviour in the leaving assay. Six-centimetre NGM agar plates 
were seeded with 70 ll (conditioning plate) or with 10 pl (assay plate) of a fresh 
overnight culture of Escherichia coli HB101 diluted in LB to Agoonm = 2.0. 90 min 
after seeding the plates, ten young adult hermaphrodites were picked onto the 
conditioning plate. 30 min after being placed on the conditioning plates, seven of 
the animals were transferred onto the lawn of the assay plate. The 30 min leaving 
assay began 1h after placing the seven animals on the assay plate. The number of 
leaving events was recorded manually by examining the video recordings, and 
further behavioural analysis was conducted with a Matlab code adapted from the 
Parallel Worm Tracker**. A leaving event was defined as an episode in which the 
whole body of an animal left the bacterial lawn and the animal did not reverse 
immediately to return to the lawn. The leaving rate was calculated as the number 
of leaving events per worm minute spent inside the bacterial lawn. Experiments 
on each strain were repeated at least three times. 

Quantitative trait locus analysis. The N2-HW recombinant inbred advanced 
intercross lines (RIAILs) used in this study represent the terminal generation of a 
20-generation pedigree founded by reciprocal crosses between N2 and HW. The 
lines were constructed through 10 generations of intercrossing followed by 10 
generations of selfing**. They have been genotyped at 1,454 nuclear and one 
mitochondrial markers and have a 5.3-fold expansion of the F, genetic map”. 
QTL analysis was performed on the mean leaving rates of N2-HW RIAILs by 
non-parametric interval mapping in R/qtl”’. Significance levels were estimated 
from 10,000 permutations of the data. 

Quantitative RT-PCR. Total RNA from mixed stage worms was isolated with 
Trizol. 1.5 1g of RNA and oligo-dT were used for reverse transcription using 
SuperScript III First-Strand Synthesis (Invitrogen) according to the manufac- 
turer’s instructions. Real-time PCR was performed with Fast SYBR Green 
Master Mix (Applied Biosystems) on a 7900HT Real-Time PCR System 
(Applied Biosystems). act-3 was used as the calibrator for relative quantitation. 
5’ primers corresponded to upstream exons that distinguished tyra-3 isoforms, 
and 3’ primers corresponded to shared exon sequence. Primers used were: tyra- 
3a & tyra-3c.2_F, ccacttgcaaatagcagcag; tyra-3b_F, gectatttggtgetgetttg; tyra-3a 
& tyra-3b_R, tccttctggcgtcgaaatac; act-3_F, tcacgatcatgagaccattcaaa; act-3_R, 
gcaaattgtagteseetcttcttatg. 

tyra-3 expression pattern. The N2 and HW 4.9 kb tyra-3b promoters were 
amplified using primers: tcaacctaaccactaactaaggg and cGatgaagcaagatgtcaggt, 
which overlaps the coding region by 4 bp. The ATG start codon is mutated to 
ATC (mutation is uppercase in primer). These promoters were individually fused 
by PCR to a fragment containing GFP followed by the unc-54 3'-UTR, as 
described’’. These PCR products were injected individually into both HW and 
N2 animals at 20ngul~’. Cells expressing GFP were identified by Nomarski 
microscopy in both L1 and adult hermaphrodites. The identification of some 
cells was aided by injecting Ptyra-3b::GFP-expressing animals with promoter- 
mCherry fusions with established expression patterns. In this manner, the AIM 
neurons were identified as Ptyra-3b::GFP-expressing cells based on their position 
and the absence of co-localization with Pttx-3::mCherry. The BAG neurons co- 
expressed Ptyra-3b::GFP and Pflp-17::mCherry. The CEP neurons co-expressed 
Ptyra-3b::GFP and Pdat-1::mCherry. The ASK neurons co-expressed Ptyra- 
3b::GFP and Psra-9::mCherry. The ADL neurons co-expressed Ptyra-3b::GFP 
and Psri-51::mCherry. 

Extrachromosomal transgenes. Transgenes were made by injection of DNA 
clones into the gonads of young adult hermaphrodites together with a fluorescent 
coinjection marker’. To control for variation between transgenes, two to five 
independent lines from each injection were characterized. 

Generation of MosSCI lines and quantitation of GFP fluorescence in ASK. 
Single-copy insertion of transgenes was performed using the direct MosSCI 
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technique targeting the ttTi5605 Mos allele on chromosome II, as described**. 
A schematic of the mechanism underlying MosSCI is shown in Fig. 4c. 

The pCFJ151 targeting vector was modified by the introduction of an Fsel 
restriction site into the multiple cloning site by site-directed mutagenesis using 
the primers gtaatacgactcacttaaggccggccctagaggetaccagagctcacc and getgagctctget 
accctctagggccegccttaagtgagtcgtattac to make pAB1. An Fsel-Spel fragment from 
a pSM vector containing N2-Ptyra-3b::N2-tyra-3b::SL2 GFP::unc-54 3'-UTR or 
HW-Ptyra-3b::N2-tyra-3b::SL2 GFP::unc-54 3'-UTR was cloned into pAB1. 

For each tyra-3-containing test plasmid, about 50 EG4322 animals were injected 
with a mixture of tyra-3 plasmid, pGH8, pCFJ90, pCFJ104 and pJL43.1. After 
positive and negative selection and full sequencing of the insert, two inserted 
transgenes each of N2-Ptyra-3b and HW-Ptyra-3b were backcrossed to HW males 
seven times, selecting GFP-fluorescent hermaphrodites each generation. The 
transgene-containing chromosome was then homozygosed. 

The strains containing the single-copy transgene in a HW background were 
injected with Psra-9::mCherry to identify ASK. Young adult hermaphrodites were 
examined on a Zeiss Imager Z.1 with a X60 objective focused on ASK using 
mCherry to prevent bleaching of GFP signal. Fluorescence signals were acquired 
with fixed acquisition times (30-50ms for mCherry, 100ms for GFP). 
Background mean fluorescence intensity adjacent to ASK was subtracted from 
the ASK signal. 

RNAi. RNA interference was performed essentially as described*’. A fragment 
common to all tyra-3 isoforms was amplified. The following primers were used, 
which include the T7 sequence (underlined): taatacgactcactatagggagagaaaatggc 
agcaggacttt; taatacgactcactatagegagaatcctcgcagtctgtggagt. in vitro transcription 
was performed with RiboMAX kit (Promega). dsRNA was injected at 1.2 1g pl 
into the gonads of adult hermaphrodites. Eggs laid 24 and 48h after injection 
were used for the behavioural assays. 

Octanol avoidance assay. Avoidance assays were conducted essentially as 
described”’. In brief, ~20 three-day-old animals were picked off of their growth 
plates food into a transfer plate without bacteria where they were allowed to crawl 
and rid themselves of bacteria. Animals were then transferred onto an NGM plate 
without food. After 40 min, a microcapillary with 30% octanol (w/v diluted fresh 
every day in ethanol) was presented in front of the animal’s nose. The time to 
reverse was recorded. If animals did not reverse within 20 s, the assay was stopped. 
Animals were presented with odour 1-3 times per experiment, with at least 3 min of 
rest interval. We replicated published results demonstrating that tyra-3 null 
mutants had more rapid responses than N2 in the presence of exogenous serotonin 
and tyramine” but also observed more rapid responses in the absence of exogenous 
neuromodulators, as shown in Supplementary Fig. 6. 

Cell ablations. For leaving behaviour assays, ASK was ablated with a laser 
microbeam as described**. BAG was killed using split human caspase 3 frag- 
ments” expressed from flp-17 and glb-5 promoters that overlapped only in 
BAG. For lysine chemotaxis assays, ASK was killed using a mouse caspase 1 gene 
expressed from the sra-9 promoter”. The ASK strain was a gift from R. Shingai. 
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Collapse of long-range charge order tracked by 
time-resolved photoemission at high momenta 


Timm Rohwer", Stefan Hellmann", Martin Wiesenmayer', Christian Sohrt!, Ankatrin Stange’, Bartosz Slomski!, Adra Cart’, 
Yanwei Liu**, Luis Miaja Avila”, Matthias Kalline’, Stefan Mathias~°, Lutz Kipp’, Kai Rossnagel' & Michael Bauer! 


Intense femtosecond (107 '* s) light pulses can be used to transform 
electronic, magnetic and structural order in condensed-matter sys- 
tems on timescales of electronic and atomic motion’. This tech- 
nique is particularly useful in the study*’ and in the control® of 
materials whose physical properties are governed by the interac- 
tions between multiple degrees of freedom. Time- and angle- 
resolved photoemission spectroscopy is in this context a direct 
and comprehensive, energy- and momentum-selective probe of 
the ultrafast processes that couple to the electronic degrees of 
freedom’ '°. Previously, the capability of such studies to access 
electron momentum space away from zero momentum was, 
however, restricted owing to limitations of the available probing 
photon energy’®"’. Here, using femtosecond extreme-ultraviolet 
pulses delivered by a high-harmonic-generation source, we use 
time- and angle-resolved photoemission spectroscopy to measure 
the photoinduced vaporization of a charge-ordered state in the 
potential excitonic insulator 1T-TiSe, (refs 12, 13). By way of 
stroboscopic imaging of electronic band dispersions at large 
momentum, in the vicinity of the edge of the first Brillouin zone, 
we reveal that the collapse of atomic-scale periodic long-range 
order happens on a timescale as short as 20 femtoseconds. The 
surprisingly fast response of the system is assigned to screening 
by the transient generation of free charge carriers. Similar screen- 
ing scenarios are likely to be relevant in other photoinduced solid- 
state transitions and may generally determine the response times. 
Moreover, as electron states with large momenta govern fun- 
damental electronic properties in condensed matter systems, we 
anticipate that the experimental advance represented by the pre- 
sent study will be useful to study the ultrafast dynamics and micro- 
scopic mechanisms of electronic phenomena in a wide range of 
materials. 

The electronic properties of many condensed matter systems are 
determined by large-momentum electron states, often located near 
the edge of the first Brillouin zone (BZ), the unit cell of crystalline solids 
in electron momentum (k) space. A prominent current example is gra- 
phene, whose hallmark, the critical crossing point of its peculiar conical 
band dispersion, is located at the corner of the BZ’*. The copper oxide 
based high-temperature superconductors represent another example, 
where the much debated competition between the pseudogap and 
superconductivity is particularly pronounced in the so-called antinodal 
region of the Fermi surface, near the BZ boundary"®. A final example is 
the new class of iron-based superconductors, which are characterized by 
magnetic excitations that couple two sets of Fermi surfaces, one set 
centred on the corners of the BZ'’”. More generally, it is the coupling 
of high momentum electron states near the Fermi momenta kg (the 
momenta of the highest occupied electron states) that contributes most 
to the linear response function of an electron liquid, sometimes even 
causing a divergence that leads to phase instabilities. 


Typical electron momenta near the boundary of the first BZ are in 
the 1 A! regime. Conventional angle-resolved photoemission spec- 
troscopy (ARPES) with photon energies exceeding roughly 10 eV is 
probably the most powerful tool to map band structure peculiarities and 
Fermi surfaces up to and beyond these critical points: this technique can 
also, at the same time, determine many-body effects embodied in the 
fine details of band dispersions and in the distribution of spectral 
weight. ARPES is particularly well suited for layered materials—as in 
the present study—because for quasi-two-dimensional systems, the 
measured electronic structure can be considered as being predomi- 
nantly characteristic of the bulk, despite the surface sensitivity of the 
probe. The great allure of corresponding time-resolved ARPES 
experiments is the provision of direct dynamical information and 
the possibility of disentangling—via temporal discrimination—the 
various interactions between the relevant degrees of freedom that 
determine material properties in the quantum world. Here, we present 
femtosecond time-resolved ARPES experiments, in which transient 
changes in the whole occupied electronic structure between the centre 
and the edge of the BZ are probed to answer a simple fundamental 
question: how fast can long-range charge order in a solid melt? 

The charge-ordered state we investigate is the conspicuous 
(2 X 2 X 2) charge-density wave (CDW) that occurs in the layered 
compound 1T-TiSe, below a temperature of 200 K (ref. 13). Figure 1 
presents the thermal equilibrium view of the CDW transition, which 
affects both structural and electronic properties. On the transition, the 
atoms move to new equilibrium positions such that the real-space unit 
cell doubles its size in all three directions (Fig. 1a and c; arrows in Fig. 1c 
indicate the atomic displacements from the normal-phase positions); 
in momentum space, the dimensions of the BZ are correspondingly 
halved (Fig. 1b and d). The new k-space geometry suggests that the 
wave vector of the CDW is determined by an interaction between the 
Se 4p valence band maximum at T, the centre of the BZ, and the 
elliptical pocket of Ti 3d states at the BZ edge at M (Fig. 1b). These 
symmetry points are connected by the new reciprocal lattice vectors 
and become equivalent I points in the new phase, which allows direct 
Se 4p — Ti3d interaction (Fig. 1d). This interaction is in fact remarkably 
strong and extremely well resolved by conventional ARPES'*'*””. 
Figure le and f compares ARPES intensity maps recorded with syn- 
chrotron radiation (hv = 119eV) along the I —M direction above 
and below the CDW transition temperature. At T, the downward 
dispersing (hole-like) Se 4p bands dominate the photoemission signal 
in both maps and only a small shift of the valence band maximum is 
visible. At M, where the high-temperature map shows the bottom of 
the upward dispersing (electron-like) Ti 3d band, the effects are more 
dramatic: the CDW leads to a strong selective transfer of spectral 
weight by folding the Se 4p band from I’ onto M. It is this remarkably 
strong folded Se 4p intensity which we will use in the time-resolved 
experiments as a spectroscopic measure for CDW order in 1T-TiSe. 
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Figure 1 | CDW phase transition of 1T-TiSe,. a, Real-space unit cell of the 
normal phase at room temperature. b, Common unit cell (first BZ, purple line) 
in momentum space of the room temperature phase (two-dimensional 
projection onto the surface plane). [, M and K are high-symmetry points of 
the first BZ. Blue ellipses and yellow circle indicate the Fermi surface topology 
of Ti 3d and Se 4p bands, respectively. Planes show the atomic layers of the two- 
dimensional crystalline structure. c, Real-space unit cell of the CDW phase. 


We now apply sub-10-fs extreme ultraviolet (XUV) pulses 
(hv = 43 eV, s-polarization) to monitor the transient response of the 
CDW phase to excitation with infrared laser pulses (hv = 1.57 eV) of 
32 fs width. Details of the time-resolved ARPES experiment are 
described in Methods. Figure 2a shows ARPES intensity maps of 
1T-TiSe. measured at T= 125K with the femtosecond XUV light 
source” (Methods). Despite the poorer energy resolution, both sets 
of Se 4p bands are well resolved, the original one at I and the folded 
one at M. Time-resolved experiments are performed at infrared pump 
fluences between 0.2 and 5mJcm ’, corresponding to an excitation 
density range of 0.025 to 0.63 photons per Ti atom. Figure 2b-e shows 
four photoemission snapshots recorded at a pump fluence of 5 mJ cm™~ 
with increasing temporal delay between the infrared pump and the 
XUV probe, up to a maximum of 3 ps (Supplementary Movie 1). The 
data have been corrected for a space charge shift of 200 meV induced 
by the electron background because of multi-photon photoemission 
by the infrared pump pulse. The time series is dominated by two 
prominent changes in the photoemission intensity maps. First, in 
instantaneous response to the infrared excitation, an electron-like 
band appears, crossing the Fermi energy Ep and extending (at suffi- 
ciently small temporal delays) from M to I’. We observe here the 
transient generation of quasi-free charge carriers because of near- 
resonant Ti 3d — Se 4p excitation. Second, the downward-dispersing 
Se 4p band, folded onto the M point owing to the interaction with the 
CDW superlattice, disappears or is at least considerably reduced in 
intensity. This suggests that long-range order in the electronic sub- 
system breaks down on an ultrafast timescale. In the following, we 
restrict our quantitative analysis to the short-time (sub-100-fs) dynamics 
of this process. 

Figure 2f compares the temporal evolution of the integrated intensity 
of the folded Se 4p band—our spectroscopic measure for CDW order— 
for different pump fluences (see Supplementary Information section 3 
for details of the data analysis). Both breakdown and (partial) recovery 
of the signal (inset of Fig. 2f) are strongly dependent on the pump 
fluence. The fluence dependence of the time constant characterising 
the signal breakdown, Tse 4p, is shown in Fig. 3a: at the lowest fluences, 
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Arrows indicate the atomic displacements from the normal-phase positions; 
the dashed lines indicate the extension of the unit cell in the normal phase. 
d, First BZ (green line) of the CDW phase. The folding of Se 4p and Ti 3d states 
is indicated. e, ARPES intensity map (electron binding energy versus 
momentum) of the room temperature phase. Photoelectron intensity is 
encoded in a false-colour scale. f, ARPES intensity map of the CDW phase. 


the initial drop in the signal is retarded by about 80 fs with respect to the 
laser pulse excitation. As the fluence increases, the response becomes 
continuously faster, and at the highest fluences the transient minimum 
in the folded Se 4p band intensity appears well within the 32-fs-long 
infrared pump laser pulse with an ultimate response time of 20 fs. For 
comparison, the dynamics associated with the initial population of the 
Ti 3d band due to absorption happens within the width of the infrared 
pulse for the entire pump fluence regime. Notably, for the highest 
excitation fluence, the folded Se 4p band follows this population 
dynamics without delay (Supplementary Information section 4). The 
partial recovery of the folded Se 4p intensity is observed on timescales of 
several hundreds of femtoseconds. Two-temperature model calcula- 
tions following reference 21 suggest that this recovery is mostly driven 
by thermalization of the electronic subsystem with the atomic lattice. 
In previous studies, it has been shown that the fundamental time- 
scales of photoinduced phase transitions are governed by bottlenecks 
associated with the characteristic response times of the relevant degrees 
of freedom, such as the oscillation period of neighbouring atoms” or 
the hopping rate of localized electrons between neighbouring sites”’. 
The upper solid line in Fig. 3a marks for instance the expected short- 
time limit (75 fs) of the lattice response of 1T-TiSe to a photoexcita- 
tion; this short-time limit is taken as one-quarter of the oscillation 
period of the high-frequency CDW amplitude mode™. The vaporiza- 
tion of a long-range-ordered state within 20 fs is in this context excep- 
tionally fast. The ultrafast timescale observed in the high-fluence 
regime points to a purely electronically driven process, whose response 
time, however, strongly depends on the excitation fluence. The absorp- 
tion of the light pulse initially increases the free charge carrier density n 
(electrons and holes), as can be seen in the instantaneous population of 
the Ti 3d band. This transient free carrier population, which is directly 
governed by the excitation fluence, links the time constant Tg, 4p toa 
material specific timescale: quantum kinetic calculations have shown 
that the characteristic build-up time for carrier screening in response to 
an ultrashort laser excitation is the plasma oscillation period, t,) (refs 
25, 26), which scales with 1/./n. As shown in Fig. 3a, Tse 4p Closely 
follows such a 1/,/n dependence (a quantitative estimate of the 
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Folded Se 4p ig | 


by femtosecond time-resolved ARPES. a, ARPES 
intensity map of 1T-TiSe, recorded with high- 
harmonic XUV pulses in the CDW phase 
(temperature T = 125K). b-e, Time-resolved 
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fluence, 5 mJ cm’). Energy distribution curves 
(EDCs) are provided in Supplementary 
Information 2. f, Photoemission transients of the 
folded Se 4p band for different infrared excitation 
fluences close to time zero. The infrared-XUV 
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cross-correlation signal, which has been 
determined from the laser assisted photoemission” 
(LAPE) signal, is added (Methods). Inset, 
transients up to temporal delays of 3.5 ps. 
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photoinduced carrier density n and the corresponding plasma oscil- 
lation period is given in Supplementary Information section 5). It has 
in fact been shown that the build-up of screening by photo-injected 
carriers is relevant for the dynamics of ultrafast processes on the sub- 
100-fs timescale”’. 

Suppression of screening is important in correlation-induced phase 
transitions. Therefore, it is not surprising that the reverse—the 
enhancement of screening by photo-injection of free carriers—can 
destroy a correlation-induced phase. The CDW transition in 1T-TiSe, 
has repeatedly been associated with an excitonic insulator instability’””’. 
In this model, the transition is driven by the spontaneous formation of 
excitons, which can occur in semiconductors or semimetals when the 
bandgap or band overlap becomes smaller than the exciton binding 
energy. The exciton formation requires a low concentration of mobile 
charge carriers and a correspondingly poorly screened Coulomb inter- 
action. In the case of 1T-TiSe, the narrow gap/overlap system would 
become unstable to the formation of Ti 3d - Se 4p excitons and would 
exhibit a new periodicity governed by the wave vector connecting the 
corresponding valence and conduction band pockets. This purely elec- 
tronic process seems consistent with the measured ultrafast response 
times and a screening-based interpretation, as bound excitons would 
certainly be screened by the photo-injected carriers. For a transition 
temperature of 200 K, energy-time uncertainty yields a response time 
of 35fs for such a purely excitonic process (see lower solid line in 
Fig. 3a). More generally, however, our results are in line with the 


0.5 1 
ky (CS) 


screening of any (unspecified) interaction between Se 4p and Ti 3d 
states described by an effective matrix element Vz. The spectral 
weight of the folded Se 4p state will scale with V.- and we can estimate 
the effect of screening within the Thomas-Fermi approach". This 
yields Vere ~ (1 + const. Xn”), in reasonable agreement with our 
experimental data (see Fig. 3b). A deeper analysis, particularly with 
respect to the puzzling story of the CDW phase transition in 1T-TiSe:, 
requires a sophisticated theoretical description which, for instance, 
considers the quantum kinetics of screening in non-equilibrium sys- 
tems or effects arising from the photo-doping of excitonic insulators. 

We finally address the question of to what extent the screening by the 
nascent carriers affects the properties of 1T-TiSe, on the 20-fs timescale. 
As discussed above, the response of the atomic lattice is slow so that 
structurally the sample will still resemble the CDW phase on this time- 
scale. However, the valence electronic structure becomes substantially 
modified as soon as screening becomes effective. In fact, electronically, 
the system undergoes a transition from a poorly conducting CDW state 
into a metallic phase within 20 fs. This is not only implied by the 
screening scenario but is also directly visible in Fig. 2d, which shows 
the transient metallization of the Ti 3d band only 30 fs after the optical 
excitation. 

The ultrafast breakdown of long-range charge order that we report 
here is much faster than the material-characteristic oscillations of col- 
lective modes that are commonly thought to limit the response times in 
photoinduced processes. This surprising result may therefore stimulate 
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Figure 3 | Fluence dependence of the photoinduced transition. a, Signal 


drop time, tse 4p, of the folded Se 4p band (filled red circles) as a function of the 
absorbed pump fluence. The ~ 10% error bars in the absorbed pump fluence are 
determined from the uncertainty in the optical constants of 1T-TiSe, the 
stability of the pump laser, and the uncertainty in the pump pulse diameter at 
the sample position. The error bars in the drop time indicate the standard 
deviation of the fits to the data. b, Minimum transient spectral weight in the 
folded Se 4p band (red dots) as a function of absorbed fluence. Equation of 
curve fitted to data is shown in each panel. a.u., arbitrary units. 


new concepts for ultrafast switching devices. Furthermore, in our study 
we have essentially monitored the intensity of a superlattice Bragg peak 
in electron momentum space. Thus, from a methodological point of 
view, the presented time-resolved ARPES approach complements pre- 
sent-day time-resolved diffraction experiments”*”’, with the advantage 
of an exceptionally high temporal resolution. 


METHODS SUMMARY 

Sample preparation. 1T-TiSe, single crystals were grown from the elements by 
chemical vapour transport using iodine as transport agent. Before the photoemis- 
sion measurements, the samples were cleaved in situ at room temperature in 
ultrahigh vacuum. 

Photoemission measurements. Static ARPES experiments were conducted at 
beamline 7.0.1 of the Advanced Light Source at Berkeley with a Scienta R4000 
electron spectrometer. The photon energy was 119eV and the overall energy 
resolution was ~30 meV. Femtosecond time-resolved ARPES measurements were 
conducted at the University of Kiel with a SPECS Phoibos 150 electron spectro- 
meter. Here, the photon energy was 43 eV and the overall energy resolution in the 
experiment was ~400 meV. The light source for the time-resolved experiments 
was an argon-filled hollow-fibre waveguide (KUUS, KMLabs) for high harmonic 
generation operated with a 3 kHz Ti:sapphire amplifier system (Dragon, KMLabs, 
pumped by an Empower 30, Spectra Physics). 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Sample preparation and photoemission set-up. 1T-TiSe, single crystals were 
grown from the elements by chemical vapour transport using iodine as transport agent. 
Samples were mounted ona cryogenic manipulator and cleaved in situ under ultrahigh 
vacuum (UHV) conditions at a base pressure of 3 X 10 10 mbar. Conventional 
ARPES measurements were conducted at beamline 7.0.1 of the Advanced Light 
Source at Berkeley, with a Scienta R4000 electron spectrometer. The photon energy 
was 119 eV and the overall energy resolution was ~30 meV. Femtosecond time- 
resolved ARPES measurements were conducted at the University of Kiel. 
Photoemitted electrons were detected using a hemispherical electron energy analyzer 
(SPECS, Phoibos 150) equipped with a two-dimensional detection unit for parallel 
energy and momentum detection. The total energy resolution of the experiment was 
mainly governed by the spectral broadening of the femtosecond XUV pulses and was 
determined to be ~400 meV. An independent characterization of the high harmonic 
radiation with a grating spectrometer showed that the spectral width of the used 27th 
harmonic was 340 + 40 meV. Typical integration times for analysis-grade spectra 
were 3 min. High-quality data as shown in Fig. 2 required an integration time of 15 min. 
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Pulsed XUV light source. The light source used for the pump-probe photoemis- 
sion experiments was a 3-kHz Ti:sapphire amplifier system (Dragon, KMLabs, 
pumped by an Empower 30, Spectra Physics) delivering infrared pulses at 
790 nm, 1.2 mJ pulse energy and 32 fs pulse duration. For photoemission, 80% 
of the pulse energy was used to generate high harmonic femtosecond XUV pulses 
in an argon-filled hollow-fibre waveguide (KUUS, KMLabs). A pair of multilayer 
mirrors (total reflectivity, 13%) selected the 27th harmonic (hv = 43 eV) out of 
the harmonic spectrum and focused it at an angle of 45° onto the sample 
mounted in the UHV system. The intensity of the 27th harmonic at the sample 
position was measured in situ using a calibrated XUV photodiode (SXUV 20 HS1, 
International Radiation Detections) yielding a fluence in the 10’ photons s * 
regime. The residual 20% of the amplifier output was available for infrared 
photoexcitation of the 1T-TiSe, sample. The temporal pulse profile of the pump 
beam was characterized using the frequency-resolved optical gating technique. 
The pulse-width of the XUV pulses was estimated to a value <10 fs from the 
LAPE infrared-XUV cross-correlation traces of the Se 4p band signal of the 
1T-TiSe, sample” (Fig. 2f). 
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Structural basis for recognition of centromere 
histone variant CenH3 by the chaperone Scm3 


Zheng Zhou, Hangqiao Feng'*, Bing- Rui Zhou', Rodolfo Ghirlando?, Kaifeng Hu’, Adam Zwolak*, Lisa M. Miller Jenkins’, 


Hua Xiao!, Nico Tjandra*, Carl Wu! & Yawen Bai! 


The centromere is a unique chromosomal locus that ensures accurate 
segregation of chromosomes during cell division by directing the 
assembly of a multiprotein complex, the kinetochore’. The centro- 
mere is marked by a conserved variant of conventional histone H3 
termed CenH3 or CENP-A (ref. 2). A conserved motif of CenH3, the 
CATD, defined by loop 1 and helix 2 of the histone fold, is necessary 
and sufficient for specifying centromere functions of CenH3 (refs 3, 
4). The structural basis of this specification is of particular interest. 
Yeast Scm3 and human HJURP are conserved non-histone proteins 
that interact physically with the (CenH3-H4), heterotetramer and 
are required for the deposition of CenH3 at centromeres in vivo” "’. 
Here we have elucidated the structural basis for recognition of 
budding yeast (Saccharomyces cerevisiae) CenH3 (called Cse4) by 
Scm3. We solved the structure of the Cse4-binding domain (CBD) 
of Scm3 in complex with Cse4 and H4 in a single chain model. An 
o-helix and an irregular loop at the conserved amino terminus and a 
shorter a-helix at the carboxy terminus of Scm3(CBD) wraps 
around the Cse4-H4 dimer. Four Cse4-specific residues in the 
N-terminal region of helix 2 are sufficient for specific recognition 
by conserved and functionally important residues in the N-terminal 
helix of Scm3 through formation of a hydrophobic cluster. 
Scm3(CBD) induces major conformational changes and sterically 
occludes DNA-binding sites in the structure of Cse4 and H4. These 
findings have implications for the assembly and architecture of the 
centromeric nucleosome. 
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Unlike other eukaryotic species that have complex regional centro- 
meres with multiple centromeric nucleosomes", budding yeast has a 
single centromeric nucleosome that is necessary and sufficient to mediate 
the accurate segregation of chromosomes during mitosis and meiosis'*""*. 
The simple centromeres of budding yeast provide an attractive system for 
investigating outstanding topics in centromere biology, including the 
pathway of CenH3 deposition and the architecture of the centromeric 
nucleosome’*”. 

Yeast Scm3 and human HJURP are binding partners of CenH3-H4 
and are functionally required for their deposition at centromeres in 
vivo’. A conserved domain of Scm3 dictates specific and stoichi- 
ometric binding of CenH3-H4 (Fig. 1a), forming a (Scm3-Cse4-H4), 
hexamer in 2 M NaCl’. This CBD of Scm3 is mapped to residues 84-187 
(ref. 5). To investigate the structural basis for the recognition of Cse4 by 
Scm3, we first analysed the CBD of Scm3 by NMR and found that it is 
intrinsically disordered (Supplementary Fig. 1). To overcome instability 
inherent in complexes of individual Scm3, Cse4 and H4 fragments 
(Supplementary Figs 2-4), we engineered a single-chain molecule in 
which Scm3 is inserted between Cse4 and H4 to assemble a stably 
folded molecule (Supplementary Fig. 5). For convenience, we termed 
the single-chain molecule scSCH (Scm3, Cse4, H4). 

The structure of scSCH was determined using multidimensional 
NMR and verified by structural analysis of its mutants (Fig. 1b-d and 
Supplementary Fig. 6). The structure of the folded core of scSCH, which 
includes residues 97-135 of Scm3, 157-202 of Cse4 and 50-99 of H4, is 
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S. cerevisiae 90 RHKLADE NISNSKOVES- - 1 E E | KTLTANNSTKDKRTKYTSVLRDI | DI SDEED 169 
S. pombe 36 CKRI ESE LES GR- DTSDI Al VNNGHLEALK 89 
Human HJURP 16 QKLRASRRI MORLI EKYNQ. - PFEDTP' LTYETPCGLRI WGG 68 
d 


Figure 1 | Overall structure of scSCH. a, The amino acid sequence and 
secondary structures of the Cse4-binding domain of Scm3 in scSCH. Also 
shown are the conserved regions in Scm3 of S. pombe and human HJURP. 
Highly conserved residues are highlighted in red. The region in the folded core 


Scm3 


Cse4 


is shown in dark magenta (see e). b-d, Front, bottom and back view of the 
scSCH structure shown in ribbon representation. Scm3, Cse4 and H4 are in 
magenta, cyan and dark green, respectively. The full sequence of scSCH is 
M-Hisg-KK-Cse4(150-227)-LVPRGS-Scm3(93-169)-GDK-H4(42-103). 
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well defined with root mean squared deviations (r.m.s.d.) of 0.54 A for 
backbone atoms and 1.06 A for all heavy atoms (Fig. le and Sup- 
plementary Table 1). Importantly, linker residues inserted between 
Scm3, Cse4 and H4 do not alter the structure of the folded region. 
Proteolytic cleavage of the two linkers in the folded scSCH only affects 
chemical shifts of neighbouring residues close to the cutting sites 
(Supplementary Fig. 7). Moreover, the folded structure of the above 
tertiary complex is unchanged by refolding after denaturation in 6 M 
GdmCl to liberate the three components as individual polypeptides 
(Supplementary Fig. 8). Backbone amide '°N-{'H} heteronuclear 
Overhauser effects (NOE) reflect dynamic motions. The folded core 
shows small dynamic motions (NOE >0.7) except for loop 1 of Cse4 
and the small loop region following the N-terminal «-helix (%N) in 
Scm3 (Supplementary Fig. 9a, b). In contrast, other regions display 
larger dynamic motions (NOE <0.7), corresponding to less-well- 
defined structures (Supplementary Figs 9-11). 

In the structure of scSCH, Scm3 interacts broadly with both Cse4 
and H4. The oN helix of Scm3 makes close contacts with both the «2 
helix of Cse4 and the «3 helix of H4 through multiple hydrophobic 
interactions (Figs 1b and 2a—d and Supplementary Figs 9c and 13a). 
Following the «N helix, the loop region of Scm3 (residues 121-144) 
mainly interacts with loop 1 of Cse4, except that a bulge (Scm3 residues 
125-130) in the middle of the loop lies on top of loop 2 of H4 (Fig. 1c 
and Supplementary Figs 9d and 13b-d). Scm3 loop residues 140-144 
also interact with the C-terminal portion of the «2 helix of H4 (Sup- 
plementary Figs 9d and 13e). Interestingly, Scm3 residues 145-154 are 


—s "3 mutant 


eee H4 


s+ H3 mutant 
eh ek SP His6-Scm3 


~2 <« H4 


CATD 166 
H3 

HgMut_4 
HgMut_s 

Ht" 


CENP-A 75 CVKFT- RGVDF 


Figure 2 | The N-terminal region (181-190) of the a2 helix of Cse4 is the 
Scm3 recognition motif. a, Ile 110, Ile 111, Tyr 114 and Ile 117 (balls in 
magenta) in the &N helix of Scm3 form a hydrophobic cluster with Cse4- 
specific residues Met 181 and Met 184 (balls in cyan) in the «2 helix of Cse4. 
b, Trp 107 (balls in magenta) in the «oN helix of Scm3 has close interactions with 
the Cse4-specific residue Ala 189 (balls in cyan) in the «2 helix of Cse4. Ser 190 
is also a Cse4-specific residue (balls in cyan). c, SDS-PAGE gels showing the 
pull-down results with mutants of H3. The top panel shows the input of H3 
mutants and H4. The bottom panel shows the molecules eluted from His,- 
Scm3 (Scm3(65-169))-bound beads with 250 mM imidazole. H3™""*, H3M"** 
and H3" are the mutants of H3 (see d). d, Illustration of the secondary 
structures in Cse4 and the Scm3 recognition motif (dark cyan), CATD, and the 
mutants used in the pull-down experiments. The red squares indicate the four 
residues that are sufficient for specific recognition of Cse4 by Scm3. The 
sequences swapped from Cse4 to H3 in the mutations are shown. The 
sequences that are not changed in the swap are omitted. 
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completely disordered (Supplementary Figs 9b, e and 10). Finally, the 
C-terminal o-helix (#C) of Scm3 (155-161) makes interactions with 
the N-terminal region of the «2 helix of H4 (Supplementary Fig. 13f). 

Next, we analysed the effects of mutations on the formation of 
Scm3-Cse4—H4 complexes with isothermal titration calorimetry. 
The results reveal that the Scm3 recognition motif resides in the 
N-terminal region (181-190) of the «2 helix of Cse4. Double muta- 
tions Met181Ser/Met184Gly and Alal89Ser/Ser190Val in Cse4 that 
change the Cse4-specific residues to the corresponding residues in 
H3 reduced the binding affinity by a factor of 5.5 and 9, respectively 
(Fig. 2a, b, Supplementary Table 2 and Supplementary Fig. 14). A 
double mutation Ilel110Asp/Ilel17Asn in the oN helix of Scm3 
decreased the binding affinity by a factor of 85 (Fig. 2a, Supplemen- 
tary Fig. 14 and Supplementary Table 2). These residues are important 
for cell growth: mutation of the three residues (Met184, Alal89, and 
Ser190) in Cse4 to corresponding residues in H3 leads to growth defect 
(small colony)’, and mutation Ile110Asp/Ile117Asn in Scm3 abrogates 
cell viability’, consistent with the effects of these mutations on the 
binding affinity between Scm3 and Cse4/H4 (Supplementary Table 
2). Met 181 should also be important for cell function because it inter- 
acts with Ile 117 of Scm3 (Fig. 2a). It is possible that simultaneous 
mutation of the four residues in Cse4 to the corresponding residues 
in H3 would abrogate cell viability. 

In contrast, deleting the three extra residues Lys 172, Asp 173 and 
Gln 174 and mutating Thr 170 in loop 1 (to Lys, as in H3), all residues 
specific to Cse4 (Supplementary Fig. 12), had little effect on the bind- 
ing affinity (a factor of 1.1) (Supplementary Table 2). Mutation of four 
residues (Val 165, Thr 166, Asp 167, Glu 168) at the C-terminal region 
of the «1 helix of Cse4 to corresponding residues in H3 (Ile, Ala, Gln 
and Asp) also showed little effect on the binding affinity (a factor of 
1.4) (Supplementary Table 2). In addition, we found that Scm3 is 
capable of pulling down the H3°“'?-H4 chimaera, in which the 
CATD of Cse4 is swapped to the corresponding region of H3 (ref. 
22 (Supplementary Fig. 15). Furthermore, Scm3 can pull down an 
H3 mutant with only four residues replaced by the corresponding 
residues in the «2 helix of Cse4 (Met181, Met184, Ala188 and 
Ser 189) as well (Fig. 2c, d). Importantly, Scm3 residues that interact 
with the four Cse4-specific residues are well conserved in human 
HJURP (Fig. 1a). Indeed, Cse4 can also pull down the N-terminal region 
(residues 2-81) of HJURP (homologous to the Cse4-binding motif of 
Scm3 (refs 9, 22)) and human H4 (Supplementary Fig. 16). This result 
is consistent with the ability of Cse4 to replace human CENP-A at 
centromeres and maintain centromere function in human cells”’. In 
addition, the CENP-A residues that correspond to the four Cse4- 
specific residues are reasonably conserved (Fig. 2d). 

The structure of scSCH reveals the induction of major local con- 
formational changes in the structure of Cse4 and H4 relative to the 
(CENP-A-H4), tetramer. First, the packing between the central «2 
helices of Cse4 and H4 in the structure of scSCH is loose in comparison 
to tight hydrophobic interactions in the homology-modelled dimer 
based on the H3-H4 structure in the nucleosome (Fig. 3a, b), or in 
the CENP-A-H4 dimer in the (CENP-A-H4), tetramer”. Hydro- 
phobic residues Leu 59, Phe 62 and Val 66 in the «2 helix of H4 lose 
interacting partners Tyr 193, Ser 192 and Leu 186 in the «2 helix of 
Cse4 (Fig. 3a, b; Phe 101, Ala 98 and Leu 94 in human CENP-A (ref. 24)). 
Second, owing to the insertion of the Scm3 loop, loop 1 in Cse4 loses 
close contact with loop 2 of H4 (Supplementary Fig. 13b) when com- 
pared with the corresponding loops in the canonical histone octamer” 
(Fig. 3c, d) or in the human (CENP-A-H4), tetramer** (Supplemen- 
tary Fig. 17). Third, the «2 helix of Cse4 kinks in the middle in scSCH 
(Fig. 4a), as forced by the side chain of residue Met 103 of the oN helix 
of Scm3 (Fig. 4a). In contrast, the «2 helix of CENP-A or H3 is relatively 
straight in the CENP-A-H4 (ref. 24) (Fig. 4b) or H3-H4 tetramer” 
(Supplementary Fig. 18). Fourth, the C-terminal region (94-99) of 
H4 in scSCH adopts a striking helical conformation and extends the 
«3 helix of H4. The helical conformation is induced by the side chain 
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Figure 3 | Altered interactions in the CATD region in scSCH. a, The region 
of the «2 helices of Cse4 and H4 in scSCH, showing that there is little side-chain 
interaction between the two helices. b, The corresponding region of the «2 
helices of Cse4 and H4 in the Cse4—H4 dimer structure obtained by homology 
modelling based on the structures of H3 and H4 in the nucleosome, showing 
that there are many hydrophobic interactions. c, The region of the «2 helices of 
H3 and H4 in the nucleosome. d, Region of loop 1 of Cse4 and the loop 2 of H4. 
The side chains of the hydrophobic residues are shown in stick representation 
and orange. The extra three residues in loop 1 of Cse4 are shown in stick 
representation. e, The corresponding loop 1 of H3 and loop 2 of H4 in the 
nucleosome structure. The hydrophobic residues are shown in stick 
representation and orange. 


of Leu 98 in the «N helix of Scm3 through hydrophobic interactions 
with the side chains of Leu 98 and Tyr 99 of H4 (Fig. 4a, Supplemen- 
tary Fig. 14 and Supplementary Table 2). This region is presumably 
disordered in the (CENP-A-H4), tetramer” (Fig. 4b). Interestingly, 
the same region forms a mini f-strand that pairs with a B-strand of 
H2A in the canonical histone octamer or with a B-strand of histone 


a b 


CENP-A 


Figure 4 | Scm3 induces large conformational changes in Cse4 and H4 and 
prevents loop 2 of H4 from binding to DNA. a, Cse4—H4 in scSCH. The 
extended «3 helix in H4 is shown in light green. The loop of Scm3 pushes loop 1 
of Cse4 away from loop 2 of H4 and prevents loop 2 of H4 from binding to 
DNA. DNA is modelled to bind the loop 2 region of H4 based on the canonical 
nucleosome structure”’. b, CENP-A-H4 in the (CENP-A-H4), tetramer. DNA 
is modelled to bind to the loop 2 region of H4 based on the canonical 
nucleosome struture”’. 
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chaperone Asfl in the Asfl-H3-H4 complex’*”’ (Supplementary 
Fig. 18). 

Furthermore, the C-terminal region of Cse4 has considerable dis- 
order in scSCH (Figs 4a, b). The same region is also disordered in the 
Cse4—H4 dimer and is not required for Cse4d—H4 binding to Scm3 
(Supplementary Fig. 5 and Supplementary Fig. 19). This ‘tetrameriza- 
tion domain’ is well folded in the (CENP-A-H4), tetramer. Structure 
modelling shows that imposing this folded domain on the correspond- 
ing region of Cse4 in scSCH allows association as a (Scm3-Cse4—H4)> 
hexamer without major structural incompatibility (Supplementary Fig. 
20), consistent with the existence of (Scm3-—Cse4—-H4) hexamers in 
2M NaCl (ref. 5). However, in this context, histone topography in the 
scSCH structure outside the tetramerization domain displays dramatic 
global conformational changes when compared with the (CENP-A- 
H4), tetramer, making the modelled (Scm3-Cse4—H4), hexamer 
incompatible with DNA binding (Supplementary Fig. 20). Moreover, 
the Scm3 loop in the scSCH structure blocks loop 2 of H4, which makes 
contacts with DNA in the canonical nucleosome (Fig. 4a, b). 

Thus, the structure of scSCH indicates that retention of Scm3 in 
association with centromere DNA is unlikely to occur via binding of 
Scm3(CBD) to Cse4/H4, as binding of DNA and Scm3(CBD) to Cse4/ 
H4 is mutually incompatible. Instead, Scm3(CBD) behaves asa specific 
histone chaperone, and the retention of Scm3 with Cse4/H4 on centro- 
meric DNA requires its distinct DNA-binding domain (H. Xiao and 
C. Wu, manuscript in preparation). 

The structure of scSCH reveals that a subregion within the CATD, 
including four Cse4-specific residues in the N-terminal region of the 
2 helix of Cse4, is necessary and sufficient for specific recognition by 
Scm3. Thus, the remainder of the CATD of Cse4 should be important 
for association with other proteins for Cse4 functions. The CBD of 
Scm3 uses both induced histone conformation changes**” and direct 
steric occlusion” to prevent Cse4—H4 in the Scm3-—Cse4—H4 complex 
from DNA binding (Supplementary Fig. 21). Conversely, Cse4—H4, 
with a conformation similar to that of CENP-A—H4 in the (CENP-A- 
H4), tetramer, is unfavourable for Scm3(CBD) binding but favours 
DNA binding, indicating a competition mechanism for Scm3 and 
HJURP as CenH3-specific chaperones”. 


METHODS SUMMARY 


All the proteins used in the present study were overexpressed in Escherichia coli and 
purified using Ni-NTA column (Qiagen), ion exchange, gel filtration and reverse- 
phase HPLC (Waters). Uniformly isotope-labelled proteins were produced using 
M9 medium with '°NH,Cl, '°C-p-glucose and D,O as the sole source of the 
isotopes. The molecular weight and stoichiometry of the complex were determined 
by velocity and equilibrium sedimentation experiments on a Beckman Coulter 
Proteome XL-I analytical ultracentrifuge at 20.0 °C. The multi-dimensional NMR 
spectra were collected on Bruker 500, 600, 800 and 900 MHz and Varian 600 and 
800 MHz instruments. The structure was calculated using the distance constraints 
measured by NMR and the program Xplor-NIH. Mutations were made using a 
quick-change kit. The binding constants were measured on the MicroCal VP-ITC 
instrument. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Protein sample preparation. All proteins were expressed in E. coli (BL21- 
codonPlus(DE3)-RIL) with pET vectors (Stratagene). N-terminal His,-tagged 
fragments of Cse4 and Scm3 and their mutants were first purified via Ni-NTA 
(Qiagen) whereas H4 and non-His-tagged fragments of Cse4 and Scm3 were first 
purified via SP sepharose (GE Healthcare). They were next subjected to reverse- 
phase HPLC purification using acetonitrile and water as solvents. Purified proteins 
were lyophilized. Isotope-labelled proteins for NMR studies were produced by 
growing E. coli cells in M9 media with *NH,Cl, U-'°C,-glucose, and D,O as the 
sole source for nitrogen, carbon and deuterium, respectively. For the measurement 
of side-chain NOEs, specific methy] labelling (-'°CHs) for Ile, Leu and Val residues 
was also made following the protocol of ref. 30. 

To prepare the Cse4, H4 and Scm3 complexes, lyophilized proteins were first 
dissolved in H,O. Their concentrations were determined by measuring the absorbance 
at 280 nm. Equal amounts of each species were mixed together and dialysed against 
10 mM Tris-HCl and 2 M NaC] at pH 7.4 and 4°C. After centrifugation, the soluble 
fractions were subjected to gel filtration on Superdex 75 10/300 GL column (GE 
Healthcare). The eluted complexes were concentrated with an Amicon with Ultra 
Ultracel-10 membrane (Millipore) and exchanged to a final buffer of 50 mM MES at 
pH.5.6. The Cse4—H4 complexes were made in the same way. Scm3(80-211) samples 
for NMR study were prepared by dissolving them in 8 M urea and dialysis against 
corresponding buffer. scSCH and all other single-chain molecules derived from scSCH 
are purified with Ni-NTA (Qiagen) under native conditions (20 mM Tris-HCl and 
0.5 M NaCl at pH 8.0), followed by gel filtration with Superdex 200 10/60 column at 
4°C (GE healthcare). The fractions containing the target protein were combined and 
concentrated and exchanged with the final buffer (50 mM MES at pH 5.4). 
Analytical ultracentrifugation. Sedimentation velocity experiments were con- 
ducted in duplicate at 20.0°C on a Beckman Coulter Proteome XL-I analytical 
ultracentrifuge. 400 ll of the sample of 35 uM in 50 mM MES (pH 5.6) was loaded 
ina double sector centrepiece cell and analysed at a rotor speed of 50,000 r.p.m. One- 
hundred scans were acquired as single absorbance measurements (A = 280 nm) at 
7.1-min intervals using a radial spacing of 0.003 cm. Data were analysed in SEDFIT 
11.71 in terms ofa continuous c(s) distribution to obtain a sedimentation coefficient, 
s,and molecular mass M (ref. 31). Solution densities p were measured at 20.0 °C ona 
Mettler Toledo DES51 density meter and solution viscosities 1 were measured using a 
Cannon-Ubbelohde viscometer and Cannon-CT 500 constant temperature bath set 
at 20.00°C. The partial specific volume v of the complex was calculated in 
SEDNTERP 1.09 (ref. 32). c(s) analyses were carried out using an s-value range of 
0.5 to 6.0 with a linear resolution of 100 and a confidence level (F-ratio) of 0.68. The 
analyses, implemented using time-independent noise corrections, returned root 
mean square deviation (r.m.s.d.) values for the best fits of 0.0040 absorbance units. 
Sedimentation equilibrium experiments were conducted at 20.00 °C on a Beckman 
Optima XL-A. 135 pl volumes of the complex were studied at loading concentra- 
tions of 20, 39 and 78 LLM, along with the sample recovered from the sedimentation 
velocity experiments. Experiments were carried out using six-channel centrepiece 
cells at rotor speeds ranging from 18,000 to 34,000 r.p.m. In all cases data were 
acquired as an average of four absorbance measurements at wavelengths of 280 and 
250 nm using a radial spacing of 0.001 cm. Sedimentation equilibrium at each speed 
was achieved within 40h. Data were analysed globally in terms of a single ideal 
species using SEDPHAT 6.21 (refs 32, 33). 

NMR experiments. NMR experiments were performed on Bruker 500, 600, 800 
and 900 MHz and Varian 600 and 800 MHz spectrometers at 35 °C. The following 
experiments were recorded. 2D: ('H, 'H]-NOESY, ['H, '°N]-TROSY, ['H, °C]- 
HMQG, "°N-{"H} NOE; TROSY version 3D: HNCACB, HNCOCACB, HNCA, 
HNCOCA, HNCO, HNCACO; 3D HBHACONH, HCCH-TOCSY, CCH- 
TOCSY, CCC(CO)NH, ['H,'°N]-NOESY-HSQC, _['H,’°N]-NOESY-HSQC 
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({°C]methyl-labelled sample), ["H, 'C]-NOESY-HSQC, ['H,'°C]-NOESY- 
HSQC ({/°C]methyl-labelled sample). The spectra were processed using 
NMRPipe™ and analysed with NMRView”. 

Structure calculation. Structure calculation was done using the program Xplor- 
NIH”. The NOE-derived restraints were subdivided into four classes, strong, med- 
ium, weak and very weak, by comparison with NOEs of protons separated by known 
distances as described previously’. Backbone dihedral angle restraints (¢ and y 
angles) were obtained from analysis of "Ha, HN, Co, BCR, '5CO and !°N chemical 
shifts by using the program TALOS*. Two constraints per hydrogen bond (dNH- 
O <2.2 A and dN-O <3.2 A) were added in the final structure calculation after 
initial NOE-derived structures were obtained. The program PROCHECK_NMR*” 
was used to evaluate the quality of the calculated structures. 

Isothermal titration calorimetric experiments. The ITC experiments were per- 
formed on a MicroCal VP-ITC by injecting Scm3(83-169) solution (250 1M) toa 
solution of single-chain Cse4—H4 or their mutants (Hisg-KK-Cse4(151-207)- 
LVPRGS-H4(45-103)) (20 4M) in a chamber of 1.4ml at 25°C in 50 mM MES 
(pH 5.4) and 0.1 M NaCl. Twenty-nine injections (each of 10 pil) were made and 
the heat released was analysed. The data were analysed as described previously””. 
Pull-down experiments. Pull-down experiments were carried out in 50 mM 
sodium phosphate, 25mM imidazole, 2M NaCl, pH8.0 at room temperature. 
Ni-NTA (Qiagen) beads were mixed with Hisg—Scm3(66-169) with a final con- 
centration of 6 uM. Approximately 10-fold excess of (Cse4—H4). or (H3-H4), or 
their mutants was mixed with beads and incubated. The incubation was at 25 °C 
for 30 min. The beads were washed with the same buffer three times. The complex 
formed on the beads was eluted with 250 mM imidazole and analysed by SDS- 
PAGE. Beads without His,-Scm3 were also incubated with corresponding (Cse4— 
H4), under identical conditions to assess background binding and the integrity of 
the tetramer. No nonspecific binding was identified in 2M NaCl. For molecules 
derived from thrombin-digested single-chain proteins, the complex was incubated 
with Ni-NTA (Qiagen) beads at 25 °C for 30 min and then washed three times. The 
final complex formed on the beads was eluted with either 8 M urea or 250 mM 
imidazole. The eluted molecules were analysed by SDS-PAGE. 
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An siRNA pathway prevents transgenerational 
retrotransposition in plants subjected to stress 


Hidetaka Ito'*+, Hervé Gaubert', Etienne Bucher!*}, Marie Mirouze't, Isabelle Vaillant'+ & J erzy Paszkowski! 


Eukaryotic genomes consist to a significant extent of retrotranspo- 
sons that are suppressed by host epigenetic mechanisms, preventing 
their uncontrolled propagation’*. However, it is not clear how this 
is achieved. Here we show that in Arabidopsis seedlings subjected to 
heat stress, a copia-type retrotransposon named ONSEN (Japanese 
‘hot spring’) not only became transcriptionally active but also syn- 
thesized extrachromosomal DNA copies. Heat-induced ONSEN 
accumulation was stimulated in mutants impaired in the biogenesis 
of small interfering RNAs (siRNAs); however, there was no evidence 
of transposition occurring in vegetative tissues. After stress, both 
ONSEN transcripts and extrachromosomal DNA gradually decayed 
and were no longer detected after 20-30 days. Surprisingly, a high 
frequency of new ONSEN insertions was observed in the progeny of 
stressed plants deficient in siRNAs. Insertion patterns revealed that 
this transgenerational retrotransposition occurred during flower 
development and before gametogenesis. Therefore in plants with 
compromised siRNA biogenesis, memory of stress was maintained 
throughout development, priming ONSEN to transpose during 
differentiation of generative organs. Retrotransposition was not 
observed in the progeny of wild-type plants subjected to stress or 
in non-stressed mutant controls, pointing to a crucial role of the 
siRNA pathway in restricting retrotransposition triggered by envir- 
onmental stress. Finally, we found that natural and experimentally 
induced variants in ONSEN insertions confer heat responsiveness 
to nearby genes, and therefore mobility bursts may generate novel, 
stress-responsive regulatory gene networks. 

In Arabidopsis mutants compromised in 24-nucleotide siRNA 
biogenesis, transposon transcripts appear but transposition has not 
been observed**. This is in contrast to mutants lacking chromatin- 
remodelling factor DDM1 or DNA methyltransferase MET1, in which 
transposons move during inbreeding>”. It has been shown that trans- 
poson transcripts and their siRNAs accumulate in the vegetative nuc- 
leus of pollen’®. A similar observation has been reported for the 
endosperm'!”’. For pollen vegetative cells, where transposon mobility 
has been observed, it has been postulated that relocation of transposon 
siRNAs to sperm cells contributes to transposon silencing in the germ 
line’®. Nevertheless, it is troubling that transposons remain immobile 
during inbreeding of mutants affected in siRNAs biogenesis, question- 
ing the role of siRNAs in the control of germinal and, therefore, trans- 
generational transposon mobility”. 

We showed previously that a temperature shift applied to 1-week- 
old seedlings transiently destabilized transcriptional gene silencing 
(TGS) at loci residing within constitutive heterochromatin where 
TGS was re-established during the next 24h”. A notable exception 
was a Tyl/copia-type long terminal repeat (LTR) retrotransposon 
family (ATCOPIA78), which retained high levels of transcripts two 
days later’*. This was also observed in older plants (21 days) subjected 
to raised temperatures’’. In the genome of the Columbia accession, 
ATCOPIA78 consists of eight members (Supplementary Fig. 1a), 


hereafter referred to as ONSEN, of which three have identical LTR 
sequences, indicating recent transposition (Supplementary Fig. 1b). 

By northern blotting, we compared ONSEN transcripts in seedlings 
subjected to a temperature shift of 24 h at 6 °C followed by 24 h at 37 °C 
(hereafter called heat stress (HS)) to transcripts of seedlings subjected 
to a control stress (CS) of 24h at 6°C followed by 24h at 21°C 
(Fig. la). ONSEN transcripts were detected in HS plants directly after 
the stress treatment and for up to 3 days of recovery at 21 °C (HS+3). 
The longest RNA found corresponded to the full-length transposon 
(Fig. 1a), whereas smaller RNAs appeared to belong to aberrant RNAs 
often associated with transcriptionally activated retroelements”"®. 
Full-length ONSEN transcripts were not observed in plants subjected 
to CS or in non-stressed plants (Fig. 1a and data not shown). 

To examine further the specificity of TGS release and to determine 
possible epigenetic mechanisms involved in ONSEN control, we tested 
RNAs of plants treated with DNA methylation inhibitor 5-azacytidine 
(AzaC, Fig. 1b) and of ddm1 mutant plants (Fig. 1c). Neither AzaC 
treatment nor ddm1 mutation was effective for transcriptional activa- 
tion of ONSEN, indicating that a reduction of DNA methylation is not 
sufficient for releasing ONSEN silencing. Furthermore, we applied HS 
and CS treatments to mutants compromised in epigenetic regulation 
(Fig. 1c, d). We examined ddm1 mutants (Fig. 1c) and mutants affected 
in siRNA biogenesis (Fig. 1d): nrpd1 (ref. 3), impaired in plant-specific 
RNA polymerase IV (PollV); nrpd2 (ref. 17), impaired in the common 
subunit of RNA PolIV and PolV; rdr2 (ref. 18), impaired in RNA- 
dependent RNA polymerase 2; and dcl3 (ref. 18), mutated in Dicer-like 
3. We also challenged the suvh2 (ref. 19) mutant (Fig. 1d), which is 
deficient in a putative histone 3 lysine 9 methyltransferase. ONSEN 
transcripts were only observed in RNA samples after HS but not after 
CS treatment (Fig. la, c, d). Their levels were not affected by the ddm1 
mutation (Fig. 1c). In contrast, HS-induced accumulation of ONSEN 
RNA was significantly higher in nrpdl, nrpd2, rdr2, dcl3 and suvh2 
mutants (Fig. 1d). During the recovery period following stress, ONSEN 
transcripts diminished and after 10 days (HS+10) the full-length 
RNAs of the transposon were not detected on northern blots of all 
genotypes tested (Fig. la and Supplementary Fig. 2). These results 
indicated that siRNA-mediated regulation is responsible for the 
restriction of ONSEN transcript levels after HS, but is not involved 
in resilencing during the recovery period. 

As PollV is crucial for the biogenesis of the majority of 24-nucleotide 
siRNAs*, we compared the levels of ONSEN-specific siRNAs in wild- 
type and nrpd1 plants in relation to the HS-induced accumulation of its 
transcripts. Noticeably, directly after HS, when ONSEN transcript 
levels were highest, siRNA levels were low and increased only after 1 
day of recovery (Fig. la, e, f). These siRNAs appeared in both wild-type 
and nrpd1 plants and were mainly of the 21-nucleotide siRNA class 
(Fig. le, f), which is thought to direct cleavage of corresponding 
messenger RNAs. Although levels of 21-nucleotide siRNAs were sig- 
nificantly higher in nrpd1 mutant plants than in the wild type, massive 
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Figure 1 | Heat-stress induced ONSEN transcription. a, Northern blot 
revealing ONSEN transcripts in wild-type (WT) and nrpd1 seedlings subjected 
to HS and after recovering from HS for 1, 3 and 10 days (HS+1, HS+3, 
HS+ 10); CS plants were subjected to the control stress (CS). The arrow marks 
the full-length ONSEN transcript. An ethidium bromide (EtBr)-stained gel is 
shown as loading control. b, Detection of ONSEN transcripts after AzaC and 
HS treatments by semiquantitative reverse transcription followed by PCR (RT- 
PCR) in wild-type plants. TRANSCRIPTIONALLY SILENT INFORMATION 
(TSI) was used as a positive control for the activation of heterochromatic 
transcription"; 18S ribosomal RNA was used as an internal control. c, Levels of 
ONSEN transcripts in ddm1 mutant plants subjected to CS or HS and 
quantified by RT-PCR with ACTIN2 transcripts (ACT2) as an internal control. 
d, Northern blots showing ONSEN transcript levels in selected mutants 
(marked above each lane) subjected to CS or HS. The CS blot was overexposed 
for possible detection of low levels of ONSEN transcripts. An EtBr-stained gel 
below is shown as a loading control. e, f, Northern blots of ONSEN siRNAs 
derived from open-reading frame (ORF) or LTR regions accumulating in wild- 
type (e) and nrpd1 mutant plants (f). An EtBr-stained gel is shown as a loading 
control. nt, nucleotide. See Methods for probe information. 


amounts of ONSEN transcripts were observed. Thus, this siRNA class 
was not able to prevent the accumulation of transposon-derived 
mRNA. However, the high background smear visible on northern blots 
(Fig. 1a, d) and even more apparent on overexposed blots of RNA 
isolated from mutants impaired in the siRNA pathway 10 days after 
HS (Supplementary Fig. 2) may be indicative of ONSEN transcript 
degradation. In the course of HS recovery (at 3 and 10 days), 
24-nucleotide siRNAs highly accumulated in wild-type but not in 
nrpdl plants, and were especially abundant for the LTR regions of 
ONSEN (Fig. le, f). However, the contribution of 24-nucleotide 
siRNAs to resilencing at ONSEN loci during recovery is not clear, as 
they accumulate also in CS plants grown for an additional 10 days after 
CS treatment (Fig. le). Therefore their levels seem not to be related to 
the HS treatment. Moreover, ONSEN resilencing also occurred in 
nrpdl, where they were mostly absent (Fig. 1f). 

Detection of ONSEN full-length transcripts, potentially able to serve 
as templates for reverse transcription, prompted us to examine the 
DNA of Arabidopsis subjected to HS. By Southern blot analysis we 
detected a significant increase in ONSEN copy number and observed a 
banding pattern indicative of the presence of two forms of extrachro- 
mosomal transposon copies, one linear reflecting the 2.8-kb fragment 
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and one circular containing a single LTR consistent with the 4.5-kb 
fragment (Fig. 2a, left). Linear extrachromosomal forms are capable of 
chromosomal integration, in contrast to the circular forms that have 
been considered as by-products of retroelement replication”*". In 
nrpdl1 and other mutant plants affected in the siRNA pathway, the 
abundance of HS-induced ONSEN DNA was significantly higher than 
in wild type (Fig. 2a, left). Noticeably, similarly high levels were 
observed in HS-treated suvh2 mutant plants (Fig. 2a, left), which are 
known to exhibit wild-type levels of siRNAs”. After 10 days of recovery, 
ONSEN extrachromosomal DNA was still at a relatively high level but 
almost exclusively in the linear form (Fig. 2a, right). 

Real-time quantitative polymerase chain reaction (qPCR) during HS 
and after subsequent recovery was performed to determine the kinetics 
of ONSEN DNA accumulation in wild-type plants and in a represent- 
ative siRNA-biogenesis mutant (nrpd1) and to examine possible changes 
in copy number due to chromosomal integration events (Fig. 2b). Over 
the first 4h of the temperature shift from 6 °C to 37 °C, the abundance of 
ONSEN DNA did not change. However, after 6 h, ONSEN copy number 
increased significantly from 8 endogenous copies to more than 30 in 
nrpd1 but not in the wild type (Fig. 2b). After 12 h of HS, ONSEN copy 
number had increased in the wild type to more than 25 and in the nrpd1 
mutant to more than 160. The maximal copy numbers of over 50 for the 
wild type and over 500 for nrpd1 mutants were reached 12h and 24h 
after HS, respectively. The HS-induced increase in ONSEN DNA seemed 
to be biphasic and this was especially pronounced in nrpd1 plants 
(Fig. 2b). So far, we have no explanation for this biphasic accumulation 
but it may be related to stress-triggered synchronization of the retro- 
element replication cycle. 

During 20-30 days of subsequent growth of both wild-type and nrpd1 
plants ONSEN copy number gradually decreased, reaching the initial 
number of the Columbia accession (Fig. 2b), consistent with the absence 
of or only sporadic chromosomal integration events. To examine 
whether new somatic integrations occurred, we performed transposon 
display on plants grown for 40 days after HS (Supplementary Fig. 3a). 
New ONSEN insertions were not detected in the genomic DNA of either 
wild-type or nrpd1 mutant plants, consistent with the qPCR results. 
However, we can not exclude the possibility of rare transposition events 
occurring late in vegetative development leading to only small sectors 
with new insertions. 

It has been suggested that transgenerational transposon mobility is 
suppressed during gametophyte formation by siRNAs’°”’. However, 
there is no evidence based on germinal transposition events to support 
this hypothesis. By transposon display and Southern blot hybridization, 
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Figure 2 | Accumulation of ONSEN extrachromosomal DNA. a, Southern 
blot of Psil-digested DNA isolated from HS-treated seedlings of wild type and 
selected mutants, directly after HS (left) or after 10 days of recovery (HS+10, 
right) and hybridized with an ONSEN-specific probe (see Methods). A 2.8-kb 
band is expected for the extrachromosomal linear form of ONSEN 
(Supplementary Fig. 1b). b, The kinetics of ONSEN DNA accumulation for wild 
type (grey) and nrpd1 (black) measured by qPCR during and after HS treatment 
(mean + s.e.m., 1 = 3 biological repetitions). 
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we examined genomic DNA from the progeny of self-fertilized wild- 
type and nrpd1 plants subjected to HS and CS for new ONSEN inser- 
tions. Transposon movement was not detected in the offspring of 
either nrpd1 or wild-type plants subjected to CS, or in HS-treated wild 
type (Fig. 3a and Supplementary Fig. 3b). However, a surprisingly high 
frequency of retrotransposition was recorded in the progeny of nrpd1 
mutant plants subjected to HS at the seedling stage (Fig. 3a and 
Supplementary Fig. 3b, c). Furthermore, the patterns of new ONSEN 
insertions in sibling seedlings derived from a single plant were found 
to differ in each individual examined, indicating that transposition 
occurred either before gametogenesis, during gametogenesis, after 
fertilization, or any combination therein (Fig. 3a and Supplementary 
Fig. 3b). To distinguish between these alternatives, we analysed nrpd1 
progeny plants derived from seeds of different flowers of the same 
progenitor (Fig. 3b). We found that patterns of new insertions differed 
entirely between progeny derived from different flowers. However, 
within the same flower we found common transposition patterns 
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Figure 3 | Burst of ONSEN transposition in the progeny of HS-treated 
nrpd1 plants. a, Transposon display (using primer Copia78 3’ LTR, 
Supplementary Table 2) detecting new ONSEN insertions. Numbers above the 
lanes of nrpd1 HS 2nd (second generation) represent 10 individual plants that 
are siblings derived from bulk-harvested seeds of one nrpd1 plant that was HS- 
treated as a 7-day-old seedling. b, Transposon display (using primer 
ONS_312_R, Supplementary Table 2) detecting new ONSEN insertions. 
Sixteen nrpd1 HS 2nd plants are derived from two flowers ofa single HS-treated 
nrpd1 plant (flower 1 and flower 2 represented by eight plants each). Asterisks 
mark new ONSEN insertions. c, Transposon display (with primer as in 

b) revealing new ONSEN insertions in the progeny of HS-treated nrpd1 
homozygote mutant plants (nrpd1 HS 2nd (ho.)) but not in the progeny of wild- 
type HS-treated plants (WT HS 2nd) or in nrpd1 homozygote mutant progeny 
of HS-treated nrpd1 heterozygote mutants (nrpd1 HS 2nd (he.)). 
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indicating somatic movement of ONSEN during flower development. 
Moreover, we were not able to find any new and unique ONSEN 
insertions specific to a single plant (Fig. 3b). Therefore all transposi- 
tion events revealed in the sixteen progeny plants derived from two 
different flowers must have occurred before the differentiation of male 
and female gametophytes. Therefore, sik NA-mediated control of ret- 
rotransposon movement is not restricted to the gametophytic phase as 
it has been postulated’. 

To define better the roles of sporophytic and gametophytic 24- 
nucleotide siRNAs in suppressing stress-induced transgenera- 
tional retrotransposition, we examined heterozygote nrpd1 plants sub- 
jected to HS treatment. In these plants the biogenesis of siRNAs is 
unaffected in the sporophyte, but is deficient in 50% of the male and 
female gametophytes. We compared the progeny of homozygous 
nrpd1 mutant plants subjected to HS with homozygous nrpd1 mutant 
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Figure 4| Acquisition of heat-responsive transcription by ONSEN- 
containing loci and model of ONSEN activation. a, Effect of ONSEN natural 
insertion polymorphism on gene regulation. AT1G11270 transcript levels after 
CS (grey) and HS (black) treatments were analysed by RT-PCR in Columbia 
(Col) and Ziirich (ZH) accessions in which ONSEN is present or absent at this 
locus, respectively (mean + s.e.m., n = 3, values relative to ACT2). b, HS- 
mediated transcriptional regulation of two different genes acquiring new 
ONSEN insertion in the course of our experiments. Two progeny plants of HS- 
treated nrpd1 homozygote mutant plant, named plant 1 and plant 2, were 
selected for displaying new homozygous ONSEN insertion at two distinct loci, 
AT1G33560 and AT3G48960, respectively. Acquired transcriptional responses 
to HS of the affected genes were revealed by qRT-PCR (legend and values as in 
a). c, Summary of experimental results illustrating the role of the siRNA 
pathway in transgenerational control of ONSEN mobility. Upper part of the 
figure represents wild-type control of ONSEN activity and lower part illustrates 
uncontrolled accumulation of ONSEN copy number in siRNA-biogenesis- 
deficient plants. The graphs under the arrows illustrate the kinetics of ONSEN 
DNA accumulation on HS treatment. The open triangles on five Arabidopsis 
chromosomes represent eight endogenous ONSEN copies in the Columbia 
accession. The black triangles illustrate new ONSEN insertions found in the 
second generation. White circles on the chromosomes specify the location of 
the centromeres. 


00 MONTH 2011 | VOL 000 | NATURE | 3 


©2011 Macmillan Publishers Limited. All rights reserved 


LETTER 


segregants derived from HS-treated nrpd1 heterozygotes. A high 
frequency of retrotransposition was only observed in progeny of 
homozygous nrpd1 mutant plants (Fig. 3c). These results are consistent 
with the involvement of 24-nucleotide siRNAs in either erasing ‘stress 
memory’ during somatic growth and/or suppressing retrotransposi- 
tion in flower tissues, rather than with epigenetic control of retro- 
transposon movement during gametogenesis. 

To define better the molecular mechanism controlling ONSEN trans- 
position primed by HS, we analysed progenies of further HS-treated 
plants compromised in epigenetic regulation. Because DDM1 and 
KRYPTONITE (KYP, histone H3 lysine 9 methyltransferase) were 
previously implicated in transposition control of a related family of 
retrotransposons®”, we subjected both mutants to HS and examined 
the progeny by transposon display. Retrotransposition was not 
observed (Supplementary Fig. 4). Despite detecting high levels of trans- 
poson transcripts in suvh2 mutants after HS (Fig. 1d) and a significant 
increase in ONSEN copy number (Fig. 2a), no retrotransposition events 
were found in the next generation (Supplementary Fig. 4). We next 
investigated mutants deficient in siRNA biogenesis (nrpd2, rdr2 and 
dcl3). Transposition events were observed in nrpd2 and rdr2 (Sup- 
plementary Fig. 4), further indicating that biogenesis of siRNAs is 
crucial for preventing transgenerational mobility of ONSEN. As dcl3 is 
essential for 24-nucleotide siRNA biogenesis, we predicted that there 
would be new ONSEN insertions in the progeny of HS-treated dcl3 
plants; in fact, no new insertions were detected (Supplementary Fig. 
4). Therefore, although DCL3 clearly restricts the levels of ONSEN tran- 
scripts after HS, it is dispensable for the control of transgenerational 
transposition. This hints at two steps in ONSEN control: restraining 
levels of its transient transcription/reverse transcription and suppres- 
sion of transgenerational transposition. As only the first requires DCL3 
and SUVH2, the two control steps seem to be, at least in part, mechani- 
stically independent. Given the functional redundancy of dicer-like 
(DCL) proteins in Arabidopsis**, DCL3 may be substituted possibly by 
another DCL protein(s) at the second control step. It is also possible that 
transgenerational control of retrotransposition can occur without the 
involvement of dicer-like activities, as has been described in animals”. 

To determine whether ONSEN has preferential insertion targets, we 
characterized 11 new insertion sites and concluded that, although the 
retroelement inserted genome wide (Supplementary Fig. 5), it showed 
a clear preference for transcribed gene regions (all 11 insertions), with 
a further preference for exons (10 insertions) (Supplementary Table 1). 
Moreover, 2 of 11 insertions were homozygous (data not shown), 
which is consistent with retrotransposon movement during flower 
development but before the differentiation of anthers and carpels. 

It has been postulated that a burst of transposition helped to shape 
plant genomes**”” and to modify their transcriptional responses”. 
Interestingly, a gene in the Columbia accession harbouring a natural 
insertion of ONSEN was identified as being heat responsive’. To 
determine the physiological relevance of this observation we analysed 
heat responsiveness of this gene in the Ziirich accession where ONSEN 
is absent at this location (Fig. 4a). Indeed, HS-induced transcriptional 
activation in the Columbia accession was much more pronounced 
than in the Ziirich accession (Fig. 4a). We determined also whether 
our experimentally induced retrotransposition events, in the second 
generation of nrpd1 HS-treated plants, had an impact on the transcrip- 
tional regulation of endogenous loci harbouring new ONSEN inser- 
tions. We examined the heat-stress response of two such genes and 
showed that they became heat responsive when compared to wild-type 
or nrpd1 first-generation plants (Fig. 4b). Therefore, it can be predicted 
that after our experimental burst of ONSEN transposition different 
subsets of genes in various progeny plants will acquire such regulatory 
properties. Now, having established an environmentally inducible sys- 
tem of transgenerational retrotransposition and having revealed the 
molecular and developmental mechanisms of its control (Fig. 4c), we 
are in a position to reproduce retrotransposon bursts in a controlled 
fashion and to determine their adaptive and/or damaging power. 
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METHODS SUMMARY 

Plant material. All mutants used in this study (dcl3-1 (ref. 18), ddm1-2 (ref. 30), 
nrpdla-3 (ref. 3), nrpd2a-2/2b-1 (ref. 17), rdr2-2 SALK_059661 (ref. 18), suvh2 
SALK_079574 (ref. 19)) are in the Columbia (Col-0) background. 

Stress treatment. Plants were grown in '/ MS medium (0.8% agar, 1% sucrose) ina 
Percival CU-22L chamber at 21 °C with 12 hlight (140 pmol m “s ')and12hdark. 
After CS or HS treatment (see text), plants were grown at 21 °C in long-day condi- 
tions (16 h light). To analyse the progeny of CS- or HS-treated seedlings, plants were 
transplanted 10 days after CS/HS to soil and grown under long-day conditions. 
RNA, DNA, and transposon display analyses. See Methods for details. 


Full Methods and any associated references are available in the online version of 
the paper at www.nature.com/nature. 
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METHODS 

Plant material. All mutants used in this study (dcl3-1 (ref. 18), ddm1-2 (ref. 30), 
nrpdla-3 (ref. 3), nrpd2a-2/2b-1 (ref. 17), rdr2-2 SALK_059661 (ref. 18), suvh2 
SALK_079574 (ref. 19)) are in the Columbia (Col-0) background. 

Stress treatment. Plants were grown in /2 MS medium (0.8% agar, 1% sucrose) in 
a Percival CU-22L chamber at 21 °C with 12h light (140 pmol m ~s ')and12h 
dark. After CS or HS treatment (see text), plants were grown at 21 °C in long-day 
conditions (16 h light). To analyse the progeny of CS- or HS-treated seedlings, 
plants were transplanted 10 days after CS/HS to soil and grown under long-day 
conditions. 

RNA analysis. RNA was isolated from aerial parts of around 20 plants and 
northern blots, RT-PCR and siRNA analyses were carried out as described prev- 
iously’. Full-length transcripts were detected with ONSEN-specific probe A, and 
siRNAs were detected with ONSEN-specific probe B (LTR region) or probe C 
(ORF). qRT-PCR analyses were performed using the Quantifast Multiplex PCR 
Kit (Qiagen). RNA levels were determined using TaqMan assays (qPCR thermo- 
cycler 7900HT, Applied Biosystems) and normalized using ACTIN2. PCR condi- 
tions were 95 °C for 5 min followed by 45 cycles alternating 45 s at 95 °C and 45 s at 
60 °C. Probe localization and primer details are given in Supplementary Fig. 1b 
and Supplementary Table 2, respectively. 

DNA analysis. Aerial parts from around 20 plants were collected and DNA was 
isolated with MiniPrep Kit (Qiagen) following the manufacturer’s recommendations. 


Southern blots were performed as described previously’ using ONSEN-specific probe 
(probe C, see Supplementary Fig. 1b and Supplementary Table 2). For qPCR analysis 
of ONSEN DNA copies, the Quantifast Multiplex PCR Kit (Qiagen) was used and 
ACTIN2 was used to normalize DNA levels. DNA copy number was determined 
using TaqMan assays performed in the qPCR thermocycler 7900HT (Applied 
Biosystems) in a final volume of 10 jl. PCR conditions were 95 °C for 5 min followed 
by 45 cycles alternating 45 s at 95 °C and 45 s at 60 °C (primer details in Supplemen- 
tary Table 2). 

Transposon display. A simplified transposon display method based on the 
GenomeWalker Universal kit (ClontechLaboratories) was developed for library 
construction, with the following modifications. Genomic DNA (300ng) was 
digested overnight with the blunt cutting Dral restriction enzyme (Promega) in a 
final volume of 50 il, using a tenfold enzyme excess compared with the manufac- 
turer’s recommendations. After digestion, DNA fragments were purified on a PCR 
purification column (Qiagen) following the manufacturer’s instructions and eluted 
into 20 il; 5 ul was used for overnight ligation at 16 °C in 16 pl with GenomeWalker 
adaptors. After ligation, DNA was diluted 20-fold and 1 jl used as a template for the 
PCR reaction. PCR were performed using a primer specific for ONSEN (Copia78 
3’ LTR or ONS_312_R) anda primer specific for the adaptor (GenWalk_AP1). PCR 
conditions were 5 min at 95 °C, followed by 33 cycles of 30s at 94 °C, 30 at 58 °C, 
1 min at 72°C; and a final elongation step of 7 min at 72°C. PCR products were 
separated on 3% agarose gels. Primer details are given in Supplementary Table 2. 
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Controlling inelastic light scattering quantum 


pathways in graphene 


Chi-Fan Chen!, Cheol-Hwan Park", Bryan W. Boudouris~*, Jason Horng', Baisong Geng’, Caglar Girit', Alex Zettl!?, 


Michael F. Crommie!?, Rachel A. Segalman*®, Steven G. Louie!’ 


Inelastic light scattering spectroscopy has, since its first discovery’”, 
been an indispensable tool in physical science for probing elementary 
excitations, such as phonons’, magnons‘ and plasmons’ in both bulk 
and nanoscale materials. In the quantum mechanical picture of 
inelastic light scattering, incident photons first excite a set of inter- 
mediate electronic states, which then generate crystal elementary 
excitations and radiate energy-shifted photons®. The intermediate 
electronic excitations therefore have a crucial role as quantum 
pathways in inelastic light scattering, and this is exemplified by 
resonant Raman scattering® and Raman interference”*. The ability 
to control these excitation pathways can open up new opportunities 
to probe, manipulate and utilize inelastic light scattering. Here we 
achieve excitation pathway control in graphene with electrostatic 
doping. Our study reveals quantum interference between different 
Raman pathways in graphene: when some of the pathways are 
blocked, the one-phonon Raman intensity does not diminish, as 
commonly expected, but increases dramatically. This discovery 
sheds new light on the understanding of resonance Raman scattering 
in graphene. In addition, we demonstrate hot-electron luminescence? 
in graphene as the Fermi energy approaches half the laser excitation 
energy. This hot luminescence, which is another form of inelastic 
light scattering, results from excited-state relaxation channels that 
become available only in heavily doped graphene. 

Graphene, a two-dimensional carbon sheet'*”’, is an attractive sys- 
tem in which to explore novel inelastic light scattering phenomena. 
Raman scattering from few-layer graphene is readily observable, and 
has been widely used to distinguish layer thickness’, characterize 
quality’ °, and probe electron-phonon interactions'*’’. At the same 
time, graphene has unique optical transitions that can be tuned 
through electrostatic gating’* °°. However, using electrostatic doping 
to control quantum pathways of inelastic light scattering has presented 
a challenge, because it requires the modification of intermediate 
excited states with transition energies close to the laser photon energy. 
Here we achieve this goal by combining highly efficient ion-gel gating 
(Methods) and near-infrared laser excitation. This combination 
enables us to control intermediate optical transition pathways and 
reveal interesting new optical phenomena. We show that, counter- 
intuitively, the one-phonon Raman signal increases dramatically when 
certain quantum pathways are blocked. This represents a notable 
manifestation of quantum interference between different Raman scat- 
tering pathways. On the other hand, the two-phonon Raman signal 
decreases monotonically with reduced quantum channels. In addition, 
we observe the emergence of hot luminescence? when the Fermi energy 
(Eg) approaches half the value of the photon excitation energy. This hot 
luminescence in graphene arises from new dynamic relaxation channels 
of the photo-excited states. 

The excitation pathways in graphene samples are controlled 
through electrostatic doping using a high-capacitance ion-gel gate 
dielectric’. Figure la displays a diagram of a typical device. The 
carrier concentration in graphene is controlled by the top gate voltage 


3 & Feng Wang’? 


(V,). The doping dependence of electrical transport, optical transmis- 
sion and inelastic light scattering are measured on the same graphene 
devices. Figure 1b shows the electrical resistance curve of a graphene 
device, which has a charge neutral point (CNP) at 1.2 V. The resistance 
decreases from the CNP value on both electron and hole doping. A 
lower resistance, corresponding to a higher carrier concentration anda 
larger shift of Fermi energy, is achieved in the hole-doping region; such 
hole doping in graphene will be the focus of our study. 

To determine the gate-induced Fermi energy shift in graphene 
samples, we use infrared transmission spectroscopy’*’. This approach 
is based on the fact that an optical transition can be blocked by hole 
doping when the initial state has an energy higher than the Fermi level 
and is not occupied (Fig. 1c). Figure 1d displays the gate-induced 
change in the real part of graphene optical conductivity (Ao’) at dif- 
ferent gate biases. The spectra exhibit distinct step-like behaviour, 
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Figure 1 | Controlling the optical transitions in graphene with ion-gel 
gating. a, Illustration of an ion-gel-gated graphene device on a SiO} substrate. G, 
gate; D, drain; S, source. b, Graphene resistance (R) as a function of gate voltage, 
V,3 R has a maximum at the charge neutral point Vcnp = 1.2 V. The largest 
resistance decrease, corresponding to the highest carrier density, occurs at 

g — ~3 V with hole doping. c, Illustration of gate-induced change in graphene 
absorption. Electronic states are filled (red line) below Ey and empty (green line) 
above Er. Electronic transitions (blue arrows) from zero energy to 2|Ep| get 
blocked by hole doping due to empty initial states. d, Change in the real part of 
optical conductivity, Ac’, when V.- Venp is varied from — 0.25 to —4 V in steps 
of 0.25 V. The optical conductivity is reduced for optical excitation energies 
below 2|E,|, which increases with gating strength. 2|Ep| values up to 1.8 eV are 
achieved using the ion-gel gate. (The feature around 1.3 eV is an artefact due toa 
minimum spectral density of our lamp light source at this energy.) 
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Figure 2 | Controlling inelastic light scattering with electrostatic doping. 
Graphene inelastic light scattering intensity (colour scale, arbitrary units) is 
plotted as a function of Stokes Raman redshift and 2|Ep| for 1.58-eV laser 
excitation energy (E.,). G-mode Raman intensity (G; ~1,600 cm — ) is strongly 
enhanced as 2|Eg| approaches E,,, thus blocking some of the Raman quantum 
pathways. In contrast, the 2D-Raman peak (2D; ~2,600 cm ') is suppressed 
and eventually disappears with increasing 2|E|. Broadband hot luminescence 
(HL) emerges when 2|Ef| is lower than but close to E.,. 


with reduced optical conductivity below the threshold energy, 2|E;|. 
The transition width of the threshold is due largely to the lifetime 
broadening from the excited state, and the transition centre yields the 
2|Ep| value with an uncertainty less than 100 meV. From these spectra, 
we can also determine the carrier concentration n= (Ep/hvp)*/1 
(refs 10, 11), where vp is the Fermi velocity. With ion-gel gating, 
vertical electronic transitions with excitation energies as high as 
1.8 eV can be blocked. This corresponds to an induced carrier con- 
centration of 6 X 10° cm’. 

This large gate-induced shift in Fermi energy with ion-gel gating not 
only allows for controlled optical absorption, but also enables control 
over inelastic light scattering by varying the allowed intermediate 
excitations. Using a 785-nm excitation laser (that is, E., = 1.58 eV), 
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Figure 3 | Quantum interference between graphene Raman pathways. 

a, G-mode Raman intensity as a function of 2|Eg| (symbols). A large 
enhancement is observed when some of the Raman pathways are blocked, 
which is a hallmark of quantum interference. Black line, theoretical prediction. 
Inset, doping dependence of G-mode frequency. b, Illustration of two 
representative G-mode Raman pathways (I and II) through two different 
intermediate excited states. c, Quantum phase of Raman pathway amplitude 
illustrated as a function of intermediate excitation energy. Raman pathways 
with intermediate excitation energy above and below E.,. — Qg¢/2 (dashed 
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we examine the evolution of inelastic light scattering spectra as 2|Ep| is 
varied from 0 to 1.8 eV. Figure 2 shows the inelastic emission intensity 
as a function of the Raman shift and of 2|E;|. At low doping, the spectra 
are characterized by prominent G-mode (~1,600 cm ') and 2D- 
mode (~2,600 cm ') phonon Raman peaks, as observed in previous 
studies'*, But two new features emerge when 2|E;| becomes large 
enough to significantly alter intermediate-state pathways. (1) With 
larger 2|E;| blocking part of the Raman quantum pathways, the 
G-mode Raman intensity does not decrease as one might expect, but 
increases and reaches a much higher peak value. This behaviour is in 
contrast to 2D-mode Raman intensity, the intensity of which does 
decrease monotonically as the resonant Raman pathways are blocked. 
(2) Photoluminescence over a wide spectral range emerges when 2|EF,| 
is slightly below the laser excitation energy. This hot-electron lumin- 
escence from continuous-wave laser excitation is quite unexpected, 
and it is distinctly different from recently observed nonlinear photo- 
luminescence using femtosecond laser excitations**”*. 

We start our investigation by examining the unusual behaviour of 
G-mode phonon Raman intensity. The measured Raman peak position 
Qg blue-shifts linearly with Fermi energy as AQg = |Er|X42cm ‘eV * 
(Fig. 3a inset). This blue shift is due to phonon renormalization from 
non-adiabatic electron-phonon coupling, and has been well-studied 
previously'*'”, The behaviour of the integrated G-mode Raman intensity 
with 2|E,| (Fig. 3a), however, has not been observed before. Increased 
event probability with reduced pathways, as observed in the G-mode 
Raman intensity here, is a canonical signature of destructive quantum 
interference. This result highlights the quantum nature of Raman 
scattering, and provides a valuable probe for microscopic Raman pro- 
cesses in graphene. 

G-phonon Raman scattering has been extensively studied for char- 
acterizing graphitic materials'*'**°, and is widely assumed to be a 
resonant Raman scattering process dominated by pathway I depicted 
in Fig. 3b (ref. 13). This picture, although appealing, cannot account 
for our observation. The possibility of enhancement in the Raman G 
signal on doping because of quantum interference between different 
Raman pathways was discussed in a recent theoretical study*®. The 
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line) have an average phase difference of m and interfere destructively. Blocking 
pathways below E.. — iQ,/2 therefore leads to large enhancement of G-mode 
Raman scattering. d, Doping dependence of 2D-mode Raman intensity 
(symbols). It drops quickly to zero when 2|Ep| approaches E,,. — 2hQp (dashed 
line), and agrees well with two-phonon Raman scattering theory (black line). 
e, Two representative pathways for the 2D Raman mode. f, Two-phonon 
scattering pathways illustrated in e have the same phase and interfere 
constructively. Blocking these pathways diminishes the intensity of 2D Raman 
scattering. 
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Figure 4 | Hot luminescence in graphene. a, Hot luminescence at 

2|E:| = 1.4 eV shows a broad emission spectrum. It has an integrated intensity (in 
the range 1.2-1.4 eV) more than 100 times stronger than phonon Raman scattering. 
b, Normalized luminescence intensity as a function of 2| E;| for three different 
emission energies. Higher energy photon emissions have higher onset values for 
2|Ex|.¢ Illustration of the hot luminescence generation mechanism. Red and green 


Raman pathways in graphene can be on resonance (I in Fig. 3b), close 
to resonance (II in Fig. 3b), or off resonance. For a given final state of 
excitation (that is, emission of an optical phonon with defined 
momentum and polarization), pathways involving different inter- 
mediate states are indistinguishable. Therefore, all the pathways having 
different quantum mechanical amplitudes (that is, phase and mag- 
nitude) will interfere with each other. As such, blocking one quantum 
pathway can not only decrease but also increase the Raman intensity, 
depending on its phase relative to other pathways. 

G-mode Raman intensity for any specific final one-phonon and 
one-photon state can be described by’: 


2 
T=|0 CRE 
k 
and 
R= : (1) 
* (Bex — Ex — iy) (Bex — 22g — Ey — iy)” 


Here C, and R, are the matrix element and resonance factor, respec- 
tively, for a Raman pathway through a vertical electronic transition at 
wavevector k. E; is the transition energy, E., the excitation energy, Qc 
the G-phonon frequency, and y the energy broadening of the excited 
state. Phase differences between different pathways come mainly from 
the resonance factor Ry. For example, R, for pathways resonant with 
incident light (E, = E.x) and scattered light (E, = Ee. —/iQg) have 
opposite sign for small y, and their Raman amplitudes largely cancel 
one other. In Fig. 3c we plot the phase of quantum pathways, 
@® = arg(R,), through different intermediate electronic transitions 
for E., = 1.58eV. We have set = 0.2 eV, which is estimated from 
the energy broadening in optical absorption spectra. The phase varies 
rapidly close to the resonance condition E;, ~ E,x. In particular, path- 
ways with transition energy E, above and below energy E,, — MQ,¢/2 
have an average phase difference of n. They interfere destructively if all 
quantum pathways are allowed, and this leads to a weak overall Raman 
signal. When 2|E,| is increased to block pathways with transition 
energies below E., — iQg/2, the destructive interference is eliminated, 
and this leads to the observed large enhancement of Raman intensity. 
When 2|E;| is increased further, more in-phase pathways are blocked 
and the Raman intensity starts to decrease. A quantitative evaluation of 
the matrix elements and a summation of all quantum pathways with 
y = 0.2 eV was performed following ref. 8, and the result (black line in 
Fig. 3a) fits our experimental data (red squares) well. Because the 
cancellation from destructive interference from different Raman path- 
ways is not perfect with energy dependent transition matrix elements 
and density of states, the G-mode Raman signal is still observable in 
undoped graphene. Nevertheless, the Raman intensity with all res- 
onant pathways blocked (2|£;| = 1.8 eV) is approximately the same 


2IE¢I (eV) 


lines and circles correspond to filled and empty electronic states, respectively. On 
optical excitation (blue arrow), an excited electron can emit a photon (red arrow) 
during its relaxation process (dashed arrow), which occurs only if the final valence 
band state is empty and leads to a broadband emission at energies below 2|Ex|. 
Luminescence at a given frequency emerges when 2|E,| approaches the emission 
energy and disappears when 2| E;| surpasses the excitation energy. 


as when every pathway is allowed (2|E;| = 0). It shows that the simple 
picture of G-mode graphene Raman scattering, in which only the on- 
resonance pathways are considered, is invalid. 

The integrated intensity of the 2D-mode Raman peak, which results 
from simultaneous excitation of two phonons with wavevector close to 
the K-point in the graphene Brillouin zone, exhibits a doping dependence 
completely different from that of the integrated intensity of the G-mode 
Raman peak. Figure 3d shows the 2D-mode Raman intensity as a func- 
tion of 2|E;|. The 2D intensity decreases slowly with increased doping 
when 2|Ep| is relatively small, which was observed previously'* and can 
be explained theoretically through the excited state broadening'*’®. Here 
we focus on the behaviour when 2|E;| approaches E.,. Instead of an 
enhanced scattering intensity as in G-mode Raman, the 2D-mode 
intensity drops quickly at the threshold energy 2|E;| = Ex — 2hQp, 
where Qh is the zone-boundary phonon frequency. 

The intensity of 2D-mode Raman scattering is also determined by 
quantum interference between different pathways. Figure 3e illustrates 
two representative Raman pathways, including one satisfying the dou- 
ble resonance condition (pathway I)’*. Such two-phonon Raman path- 
ways have one more virtual transition than one-phonon processes, and 
it has a profound effect on the Raman interference behaviour. 
Quantitatively, quantum interference in 2D-mode Raman for a spe- 
cific final two-phonon and one-photon state is described by*: 


2 
I= S > DiRe ; 
k 


R= 


(2) 
1 


hQp — Ex 


(Bex — Ex —iy) (Bex iy) (Bex — 2hQp — Ex’ — iy) 
Here D, is the matrix element of 2D-mode Raman scattering for a 
pathway starting at transition k. E,, E, and E,” are the energies of the 
three intermediate states. The resonance factor R, determines the 
relative phase between different pathways. Figure 3f plots the phase 
of quantum pathways, involving the emission of two phonons with a 
specific wavevector, as a function of first-intermediate-state energy E, 
for processes similar to those depicted in Fig. 3e (see also Sup- 
plementary Information). All the different pathways have the same 
phase and they interfere constructively. As a result, any reduction in 
quantum pathways leads to decreased Raman intensity, and when all 
resonant channels are blocked, the 2D-mode Raman signal becomes 
negligible. In Fig. 3d we show a more quantitative comparison between 
this theoretical picture (black line) and experimental results (symbols). 
Last, we examine the graphene hot luminescence. Figure 4a shows 
the hot luminescence spectrum at 2|E;| = 1.4 eV, which is characterized 
by a broadband emission. To investigate the effect of carrier doping, we 


plot in Fig. 4b the normalized luminescence intensity as a function of 
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2|E,| for several emission energies (symbols). The luminescence is dis- 
tinctly different from electronic Raman scattering” because zero- 
momentum electron-hole pair excitations required for the electronic 
Raman scattering do not exist in the strongly doped graphene. The peak 
observed in the hot luminescence when 2|E,| approaches E,, also has a 
different physical origin compared with that in G-mode phonon 
Raman. Instead of being an interference phenomenon from blocked 
Raman quantum pathways, the hot luminescence maximum is a con- 
sequence of newly opened dynamic pathways for photo-excited hot 
carriers. 

We depict this dynamic process in Fig. 4c. An incident photon 
generates an electron and a hole, which then relax to the Fermi level 
through interactions with low-energy electrons and phonons. During 
the relaxation process, a hot electron has a finite probability of emitting 
a photon, but requires the final valence band state to be empty because 
of Pauli blocking (Fig. 4c). This pathway is opened up only when 2|Ep| 
exceeds the light emission energy, and defines a threshold doping level 
for hot luminescence generation. The qualitative features observed in 
Fig. 4b can be understood using this picture: hot luminescence emerges 
when the energy 2|E;| is higher than an onset value that increases with 
the emission photon energy. When 2|Ep| is further increased to a value 
greater than the laser energy, hot luminescence at all energies suddenly 
disappears as the initial photoexcitations are blocked. Because the hot 
luminescence arises from radiative decay of excited electrons right 
after photoexcitation, it could become a valuable probe for ultrafast 
electron dynamics in graphene’. 

Our study shows that inelastic light scattering phenomena can be 
explored by controlling the intermediate excited states. In graphene, it 
enables us to demonstrate the critical role of quantum interference in 
Raman scattering, and to reveal a new broadband hot luminescence. 
Such inelastic light scattering control could also be applied to general 
nanoscale material research, because electronic transitions in many 
nanostructures can be modified in a controlled fashion (for example, 
electrostatic gating of carbon nanotubes” and electrochemically tuned 
semiconductor quantum dots”). This control will make inelastic light 
scattering a more powerful tool for probing novel nanoscale physics. It 
could also lead to optimized inelastic light scattering in nanomaterials 
for biological sensors and optoelectronic applications. 


METHODS SUMMARY 


In this study we use large area graphene grown by chemical vapour deposition”. 
Graphene is grown on copper films using CH, as the feed gas, which was then 
transferred with poly(methyl methacrylate) (PMMA) support to a fused silica 
substrate after wet-etching to remove the copper film by FeCl,. The PMMA 
support is dissolved in acetone solution. Subsequently, Ti (10nm) and Au 
(40 nm) were deposited in vacuum through stencil masks onto the graphene 
sample for the source, drain and gate electrodes. 

The ionic liquid, 1-ethyl-3-methylimidazolium bis(trifluoromethylsulphony])i- 
mide ([EMIM][TFSI]), was purchased from EMD Chemicals. The ionic liquid was 
dried at T = 100 °C under vacuum (~200 mtorr) for 3 days and then transferred to 
an inert-atmosphere glove box. Polystyrene-b-poly(ethylene oxide)-b-polystyrene 
(PS-PEO-PS) triblock copolymer was purchased from Polymer Source and used as 
received. The quoted molecular weights of the block copolymer moieties were 10-44- 
10 kg mol! for the PS-PEO-PS blocks, respectively (PEO volume fraction = 0.67). 
The physically crosslinked, ionic liquid/triblock copolymer gel (ion gel) was produced 
in the following manner. In an inert atmosphere glove box, 0.55 g of [EMIM][TFSI] 
were dissolved with 21mg of PS-PEO-PS in 2ml of dry dichloromethane. The 
solution was stirred overnight at room temperature. The ion gel was removed from 
the glove box and spin-coated on the graphene sample at a rate of 4,000 r.p.m. 

Infrared transmission measurements were performed with a Fourier transform 
infrared spectrometer at the Advanced Light Source, Lawrence Berkeley National 
Laboratory. Inelastic light scattering was measured with a micro-Raman set-up 
with a 785-nm excitation laser. The Raman set-up has a spectral resolution of 
1cm’ |. All measurements were performed in air and at 300K. 
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The heterotrimeric AMP-activated protein kinase (AMPK) has a 
key role in regulating cellular energy metabolism; in response to a 
fall in intracellular ATP levels it activates energy-producing path- 
ways and inhibits energy-consuming processes’. AMPK has been 
implicated in a number of diseases related to energy metabolism 
including type 2 diabetes, obesity and, most recently, cancer”®. 
AMPK is converted from an inactive form to a catalytically com- 
petent form by phosphorylation of the activation loop within the 
kinase domain’: AMP binding to the y-regulatory domain promotes 
phosphorylation by the upstream kinase*, protects the enzyme 
against dephosphorylation, as well as causing allosteric activation’. 
Here we show that ADP binding to just one of the two exchangeable 
AXP (AMP/ADP/ATP) binding sites on the regulatory domain pro- 
tects the enzyme from dephosphorylation, although it does not lead 
to allosteric activation. Our studies show that active mammalian 
AMPK displays significantly tighter binding to ADP than to Mg- 
ATP, explaining how the enzyme is regulated under physiological 
conditions where the concentration of Mg-ATP is higher than that of 
ADP and much higher than that of AMP. We have determined the 
crystal structure of an active AMPK complex. The structure shows 
how the activation loop of the kinase domain is stabilized by the 
regulatory domain and how the kinase linker region interacts with 
the regulatory nucleotide-binding site that mediates protection 
against dephosphorylation. From our biochemical and structural 
data we develop a model for how the energy status of a cell regulates 
AMPK activity. 

At the whole-body level, AMPK is regulated by a diverse range of 
hormones—for example, leptin’, adiponectin", ciliary neurotrophic 
factor’? and ghrelin’*—and it has a role in appetite’*"*, glucose, lipid 
and protein metabolism’*"*, cell growth, and cell polarity”*. AMPK isa 
heterotrimeric complex comprising an o-catalytic subunit and two 
regulatory subunits (B and y)’. Activation of AMPK requires phos- 
phorylation of Thr 172, which lies in the activation segment of the 
amino-terminal kinase domain of the a-subunit’. Phosphorylation 
of Thr 172 leads to a several-hundred-fold increase in activity”'®. In 
mammals, calcium/calmodulin-dependent protein kinase kinase-f 
(CaMKKf) and LKB1 are the predominant kinases upstream of 
AMPK, although there is some evidence implicating other upstream 
kinases’”"*. Previous studies have shown that AMP protects against the 
dephosphorylation of Thr 172 (refs 16, 19) and we recently provided 
evidence that protection against dephosphorylation is the major 
physiological mechanism for activation of AMPK’. In addition to 
activation by phosphorylation, AMP causes a 2-5-fold allosteric 
activation of AMPK depending on the nature of the isoforms present 
in the AMPK complex”. To address this issue we previously investi- 
gated the nucleotide-binding properties of the yl subunit of AMPK 
and determined the structure of the regulatory core of mammalian 


AMPK (C-terminal domain of o-subunit, C-terminal domain of 
B-subunit, full-length y-subunit; hereafter referred to as the regulatory 
fragment) in complex with nucleotides”’. Notably, our studies revealed 
that three of the four potential nucleotide-binding sites are occupied”’. 
One of these sites contains a permanently bound AMP molecule (site 
4, following nomenclature proposed by ref. 22), whereas AMP and 
Mg-ATP compete for binding at the other two sites” (site 1 and site 3). 
Unlike AMP, ADP has no significant allosteric effect on AMPK 
isolated from rat liver’*. Consistent with this, we also found that 
ADP does not activate recombinant AMPK under conditions where 
AMP produces a twofold activation (Fig. la). However, our studies 
show that ADP provides protection of AMPK from dephosphoryla- 
tion across a similar range of concentrations as AMP (Fig. 1b). We 
have also shown the same effect using AMPK purified from rat liver 
(Supplementary Fig. 2a). Although Mg-ATP does not protect against 
dephosphorylation (Fig. 1c), it does compete with the protective effect 
of both AMP and ADP on dephosphorylation (Fig. 1d). We have also 
shown that the protective effect of ADP is lost in a Wolff—Parkinson- 
White syndrome mutation (Supplementary Fig. 2b). We propose that 
AMP or ADP (AMP/ADP) binding shifts the equilibrium between 
dephosphorylation-sensitive and -insensitive states, and thus slows, 
but does not abolish, dephosphorylation of the enzyme by phosphatases. 
Extending our earlier work looking at nucleotide binding to the reg- 
ulatory fragment, we characterized binding of nucleotides to active full- 
length AMPK. For these studies we used CaMKKf to stoichiometrically 
phosphorylate Thr 172 on the activation loop of recombinant full- 
length AMPK, we used the coumarin adducts of ATP and ADP as 
fluorescent reporters of nucleotide binding, and derived the binding 
parameters for the unlabelled nucleotides by competition experiments 
(Fig. 2a). We verified that the two species bind at the same sites by 
determining the crystal structures of the regulatory fragment in complex 
with coumarin-ADP and with ADP (Supplementary Fig. 3). The results 
show (Table 1) that the two exchangeable sites have markedly different 
affinities for nucleotides. Binding at the tighter of the two sites is at least 
30-fold stronger than at the weaker site. Given that under physiological 
conditions most of the ATP is coordinated to Mg**, and that the major- 
ity of AMP and ADP is not, we also measured nucleotide binding in the 
presence of this cation. The data show that Mg-ATP binds up to tenfold 
weaker than ATP. Thus, active AMPK binds AMP/ADP significantly 
more strongly than it does Mg-ATP at both exchangeable sites. There 
are two lines of evidence that lead us to conclude that it is AMP/ADP 
binding at the weaker of the two exchangeable sites that accounts for the 
protection of the enzyme against dephosphorylation. The first is that the 
dose-response curve for AMP/ADP-mediated protection against phos- 
phorylation correlates with the binding curves for these nucleotides at 
the weaker, rather than the stronger, of the two binding sites (Fig. 1b). 
The second comes from our discovery that NADH binds to AMPK. 
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NADH undergoes a significant change in fluorescence upon binding 
to AMPK. We used this property to establish that the cofactor binds to a 
single site on the enzyme, with a dissociation constant (Ky) of about 
50 UM (Fig. 2b, inset). NADH binding is competed by AXPs binding to 
the stronger, but not the weaker, of the two exchangeable sites (Fig. 2b 
and Table 1). When we repeated the ADP protection against depho- 
sphorylation experiments using a range of NADH concentrations, we 
found no evidence for NADH competing with the protective effect of 
ADP on dephosphorylation, whereas NADH and ADP both compete 
with AMP for allosteric activation of the enzyme (Supplementary Fig. 4). 
This observation indicates that it is AMP/ADP binding at the weaker of 
the two exchangeable sites, the one that does not bind NADH, that is 
responsible for protection against dephosphorylation. We also carried 
out co-crystallization of the regulatory fragment with one molar equi- 
valent of ADP (Supplementary Fig. 5). The resulting electron density 
map showed full occupancy of ADP at site 1 and no detectable density at 
site 3, identifying site 3 as the weaker binding site. We can therefore 
assign the allosteric effect to AMP binding at the tighter site 1, and 
protection against dephosphorylation is mediated by AMP/ADP bind- 
ing at the weaker site 3. 

Previous studies on the regulation of AMPK have focused on the 
role of AMP because it allosterically activates the enzyme’* whereas 
ADP does not. However, phosphorylation remains central to AMPK 
regulation as the enzyme is inactive in the absence of Thr 172 phos- 
phorylation”’®. Under optimal conditions, mammalian cells maintain 
ATP at a high level relative to ADP and AMP. Typical concentrations 
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Figure 2 | Measurement of equilibrium dissociation constants for the 
binding of AXPs to phosphorylated AMPK. a, Displacement of coumarin- 
ATP (C-ATP) from the AMPK-(coumarin-ATP), complex by AXPs 
monitored using fluorescence at 470 nm. Solid lines are the computed best fits 
with Kg; and Kay for C-ATP binding to AMPK fixed at 1.1 and 4.2 uM. Inset: 
titration of coumarin-ATP with AMPK. b, Displacement of NADH from the 
AMPK-NADH complex by AXPs monitored using fluorescence at 435 nm. 
The solid line is the computed best fit with the Kg for NADH fixed at 65 uM. 
Inset: fluorescence titration of NADH with AMPK. 
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of free adenine nucleotides in mammalian cells lie in the range of 
3,000-8,000 uM for ATP, 50-200uM for ADP and 0.5-5uM for 
AMP**”’. Because the free concentration of ADP is between 10- to 
400-fold higher than AMP, and their binding constants are similar, 
ADP will be more successful at competing with Mg-ATP than AMP. 
Therefore, the fact that ADP protects AMPK from dephosphorylation 
is likely to represent an important physiological mechanism for regu- 
lating the activity of the enzyme. 

We have also determined the crystal structure of an active form of 
the enzyme that encompasses the whole of the catalytic «-subunit. The 
construct used is shown in Fig. 3a (details of its design are given in 
Supplementary Fig. 6). From the best samples we collected a data set 
to 3.3 A Bragg spacing, after screening about 100 crystals, and solved 
the structure by molecular replacement using independent models for 
the regulatory fragment (Protein Data Bank 2V8Q)”' and the kinase 
domain (Protein Data Bank 2H6D)”. Although the data set is at 
medium resolution, the molecular replacement solution was robust 
and yielded initial electron density that revealed the location of many 
components that were not present in the original model. As might be 
expected for a structure of this complexity and resolution, some parts 
of the molecule are better defined than others. For example, the activa- 
tion loop of the kinase domain, which is packed against the regulatory 
fragment, has better defined electron density than loops on the surface 
of the complex, which often show continuous main-chain density but 
lack side-chain features. Overall, the most important features of the 
current structure concern the architecture of the complex, particularly 
the relationships between the «-kinase domain and the x-linker with 
the regulatory fragment (omit maps for these regions are presented in 
Supplementary Fig. 7). 

The structure is shown in Ribbons representation (Fig. 3b, c and 
Supplementary Fig. 8) and in space-filling representation before and 
after the kinase domain and the linker region have been rotated away 
from the complex to display their contact regions (Fig. 3d). The first of 
these interfaces involves the kinase domain and has a surface area of 
about 1,100 A?. This relatively modest contact area is consistent with 
the observation that specific protease cleavage of the linker between the 
kinase domain and the C-terminal domain of the «-subunit leads to 
material that separates into two components (kinase domain plus 
regulatory fragment) after gel filtration. A significant part of the 


Table 1 | Equilibrium Ky values for the binding of AXPs to phosphory- 
lated AMPK 
Ligand Ky (uM) versus NADH Ka (uM) Ka (uM) 
versus C-AXPs 
AMP 1.6 (0.5) 2.5 (0.6) 80 (25) 
ADP 1.3 (0.5) 1.5 (0.4) 50 (15) 
ATP 0.9 (0.3) 1.7 (0.5) 65 (15) 
Mg-ATP 32 (12) 18 (7.5) 230 (80) 


Dissociation constants (Ka) were determined at 20 °C by competition against NADH or coumarin-AXP 
(C-AXPs) in 25 mM Tris, 1 mM TCEP, 100 mM NaCl (pH 8) with and without 5 mM MgCl. The Kg values 
are reported as the mean (+s.d.) determined from at least three independent measurements. 
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Figure 3 | Crystal structure of active mammalian AMPK. a, Schematic 
representation of the components of the heterotrimer; the parts of the complex 
missing from the crystallized protein are shown in grey. The domains, 
including the activation loop (pink) and -hook (dark blue), are coloured the 
same in all panels. GBD, glycogen-binding domain. b, Ribbon representation of 
the crystallized complex with two bound AMPs, staurosporine and 
phosphorylated Thr 172 shown in stick representation. The «-hook and 
activation loop of the kinase domain are shown in heavier lines and coloured 
dark blue and pink, respectively. c, The interface between the activation loop 
and the regulatory fragment is shown in more detail in a similar orientation as 
b; potential electrostatic interactions are indicated by dashed lines. d, The 
complex is shown in two space-filling representations. The left panel represents 
the same view as b with the x-hook and kinase domain outlined in black. In the 
right-hand panel these two components have been rotated away from the 
regulatory domain to show the interaction surfaces in an ‘open-book’ 
representation, where the contacting residues have been coloured in dark blue. 
With the o-hook removed, AMP-3 becomes visible. The black arrows indicate 
the rotations that would reassemble the complex. 


contact area involves the activation loop of the kinase interacting pre- 
dominantly with the C terminus of the B-domain (Fig. 3c). Unlike 
previous structures of the isolated and non-phosphorylated kinase 
domain, the phosphorylated activation loop in our structure is well 
ordered, as evidenced by electron density maps (Supplementary Fig. 
7). The small lobe of the kinase is in a more closed conformation 
relative to the unphosphorylated (and thus inactive) isolated kinase 
domain structure” (Supplementary Fig. 9). The fact that the activation 
loop mediates the interaction of the kinase domain with the regulatory 
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fragment means that, in this conformation, Thr 172 is protected from 
access by phosphatases. This idea is strongly supported by site-directed 
mutagenesis experiments: mutation of B1 His 233 (corresponding to 
His-235 in B2) at the interface with the kinase domain (Fig. 3c) results 
in an enzyme that is activatable by phosphorylation but that has a 
significantly increased rate of dephosphorylation in phosphatase 
assays (Fig. 4a, b). 

Another component of the «-subunit-regulatory fragment inter- 
action is provided by a part of the segment of the «-chain that links 
the N-terminal kinase domain to the C-terminal regulatory fragment, 
involving residues between «373 and «382 that are largely conserved 
between «1 and «2 in vertebrates (Supplementary Fig. 10) and which 
we have called the «-hook structure (Fig. 3b, d). The «-hook interacts 
with the y-subunit at the exchangeable binding site 3, with AMP bound, 
which we have assigned as the weaker of the two sites responsible for 
mediating AMP/ADP protection against dephosphorylation. The hook 
makes a lid over the nucleotide-binding site that accounts for a buried 
surface area of about 500 A”. We obtained crystals of this construct with 
AMP added to the crystallization mixture, and an AMP molecule is 
clearly identifiable in the electron density maps at site 3, as well as at the 
non-exchangeable site. Although we did not see AMP at site 1 in the 
initial crystals, we subsequently achieved good occupancy at this site by 
maintaining a higher concentration of AMP during crystallization and 
handling procedures (data not shown). In contrast, we think that the 
AMP at site 3 is held in place by the arrangement of the «-hook and that 
it would have to dissociate before the bound AMP could be released and 
then exchanged. On the basis of superposition of our earlier structures 
of the regulatory fragment of AMPK in complex with ADP and Mg- 
ATP and the structure presented here, we think that the o-hook 
sequence cannot interact with site 3 when Mg-ATP is bound, mainly 
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Figure 4 | Mutational analysis of AMPK regulation. a, Dephosphorylation 
rate of the wild type or B-His 233 to alanine kinase domain interface mutant 
(H233A, corresponding to H235A in B2). b, Protection of dephosphorylation 
of wild type or H233A mutant by AMP (30 UM) or ADP (30 1M) after 
incubation for 5 min. c, Allosteric activation of wild type or x-hook mutant 
(harbouring mutation of residues R375Q, T377A, D379A and E380A within 
a1) by AMP (100 1M). d, AMP (30 }1M) and ADP (30 1M) protection of wild 
type or o-hook mutant from dephosphorylation after incubation for 20 min. All 
results are the mean + s.e.m. from at least three independent experiments. 
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due to the change in conformation of Arg 69 of the y-subunit, which 
would generate a steric clash with the «-hook (Supplementary Fig. 11). 
To test the role of the «-hook in mediating protection against depho- 
sphorylation we generated a mutant in this region (R375Q/T377A/ 
D379A/E380A). The resulting enzyme was allosterically activated by 
AMP but was not subject to protection against dephosphorylation by 
AMP or ADP (Fig. 4c, d). Interestingly, the mutation at His 233 
described above does retain some protective effect of AMP/ADP 
(Fig. 4a, b). Given that this mutation would be expected to weaken 
the interaction between the kinase domain and the regulatory frag- 
ment, but not block it, it seems reasonable that AMP/ADP binding 
would still help to order the «%-hook and thus facilitate the recruitment 
of the kinase domain. 

Taking our biochemical and structural data together, we propose the 
following model for how AMP/ADP, but not Mg-ATP, protects AMPK 
against dephosphorylation, and thus inactivation (Supplementary Fig. 
1). We have demonstrated that the protective effect of AMP/ADP is 
mediated by its binding to the weaker of the two exchangeable sites, 
which we have identified as site 3. We have also shown that the «-hook 
region binds into this site in the presence of AMP and predict that the 
same situation would occur with ADP. We further suggest that binding 
of the o-hook acts to restrict the flexibility of the preceding o-linker 
region (residues 300-370) and, in so doing, promotes the interaction 
of the kinase domain with the regulatory fragment seen in our crystal 
structure. This interaction, which mostly involves contacts between the 
activation loop and the C-terminal domain of 3, would therefore act to 
protect Thr 172 against dephosphorylation. Because the interaction sur- 
face of the «-hook with the regulatory fragment is relatively small it is 
likely that there is a dynamic equilibrium between the o-hook-bound 
and «-hook-unbound species. If, as our structure indicates, AMP/ADP 
binding favours the «-hook-bound species but Mg-ATP binding drives 
formation of the -hook-unbound species, then the competitive binding 
of AMP/ADP versus Mg-ATP would control the extent to which the 
enzyme was protected from dephosphorylation and inactivation. 


METHODS SUMMARY 


AMPK complexes were expressed in Escherichia coli BL21 (DE3) cells, purified by 
affinity chromatography using nickel-Sepharose and phosphorylated by incubation 
with CaMKK as described previously’. AMPK activity was determined using 0.2 mM 
SAMS peptide’, 0.2 mM ATP and 5mM MgCh. Dephosphorylation of AMPK by 
recombinant PP2C-o was monitored either by measuring AMPK activity using the 
SAMS peptide assay or by western blotting of phospho-T172. Western blot signals for 
phospho-T172 and total AMPK o-subunit (determined using sheep anti-o1 or anti-o12 
antibodies) were quantified using the Li-Cor Odyssey infrared imaging system. 
Uncorrected fluorescence spectra of the nucleotides (3'-(7-diethylaminocoumarin- 
3-carbonylamino)-3’-deoxy-ADP (C-ADP), and 3'-(7-diethylaminocoumarin- 
3-carbonylamino)-3’-deoxy-ATP (C-ATP) (both gifts from M. Webb)) and NADH 
and their complexes were recorded at 20 °C using a Jasco FP-6300 fluorimeter. Binding 
of nucleotides was monitored by titrating nucleotide (4-10 }4M) with AMPK. 
Dissociation constants for AMP, ADP and ATP were determined using competition 
assays. The engineered crystallization construct was expressed as a His-tag fusion 
protein in E. coli. Purified protein was phosphorylated using CAMKKf before mixing 
with AMP and staurosporine. Crystals were grown by the hanging-drop method using 
isopropanol and MPD as precipitant. Diffraction data were collected on the Diamond 
Light Source, Oxford and processed using Denzo and Scalepack”*. The structure was 
solved by molecular replacement using Amore” and standard refinement was carried 
out with Refmac5*° with manual model building with COOT. Figures were created 
with Pymol (http://pymol.sourceforge.net/). 
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Electromagnetically induced transparency and slow 


light with optomechanics 


A. H. Safavi-Naeini'*, T. P. Mayer Alegre'*, J. Chan', M. Eichenfield', M. Winger’, Q. Lin', J. T. Hill’, D. E. Chang” & O. Painter! 


Controlling the interaction between localized optical and mech- 
anical excitations has recently become possible following advances 
in micro- and nanofabrication techniques’”. So far, most experi- 
mental studies of optomechanics have focused on measurement 
and control of the mechanical subsystem through its interaction 
with optics, and have led to the experimental demonstration of 
dynamical back-action cooling and optical rigidity of the mech- 
anical system’. Conversely, the optical response of these systems is 
also modified in the presence of mechanical interactions, leading to 
effects such as electromagnetically induced transparency* (EIT) and 
parametric normal-mode splitting’. In atomic systems, studies®’ of 
slow and stopped light (applicable to modern optical networks*® and 
future quantum networks’) have thrust EIT to the forefront of 
experimental study during the past two decades. Here we demon- 
strate EIT and tunable optical delays in a nanoscale optomechanical 
crystal, using the optomechanical nonlinearity to control the velo- 
city of light by way of engineered photon-phonon interactions. Our 
device is fabricated by simply etching holes into a thin film of 
silicon. At low temperature (8.7 kelvin), we report an optically 
tunable delay of 50 nanoseconds with near-unity optical trans- 
parency, and superluminal light with a 1.4 microsecond signal 
advance. These results, while indicating significant progress 
towards an integrated quantum optomechanical memory”, are also 
relevant to classical signal processing applications. Measurements 
at room temperature in the analogous regime of electromag- 
netically induced absorption show the utility of these chip-scale 
optomechanical systems for optical buffering, amplification, and 
filtering of microwave-over-optical signals. 

It is by now well known that the optical properties of matter can be 
dramatically modified by using a secondary light beam, approximately 
resonant with an internal process of the material system. As an 
example, an opaque object can be made transparent in the presence 
of a control beam; this is the phenomenon of EIT. A remarkable 
feature of EIT is the drastic reduction in the group velocity of light 
passing through the material, achieved inside a practically lossless 
transparency window. This aspect of the effect has been used in 
schemes whereby light may be slowed and stopped, making it an 
important building block in quantum information and communica- 
tion proposals, as well as of great practical interest in classical optics 
and photonics. A simple upper-bound for the storage time in EIT- 
based proposals is the lifetime related to the internal processes of the 
material. These lifetimes can be extremely long in atomic gases, with 
storage times of the order of one second having been demonstrated" in 
Bose-Einstein condensates. Part of the vision for future scalable 
quantum networks has involved extending the remarkable results 
achieved in atomic experiments to a more readily deployable domain. 

In the solid state, EIT has been demonstrated in quantum wells, dots 
and nitrogen-vacancy centres'*""*. But the fast dephasing rates and 
inhomogeneous broadening of solid-state electronic resonances have 
led to a plethora of other methods and techniques. Elegant experiments 


with stimulated Brillouin scattering in fibres'* and coherent popula- 
tion oscillations'® have been used to delay intense classical light. 
Alternatively, for quantum storage and buffering, techniques related 
to photon-echo spectroscopy (for example, controllable reversible 
inhomogeneous broadening’” and atomic frequency combs’*) have 
been used successfully to achieve solid-state quantum memories. In 
chip-scale photonics, dynamically tunable arrays of cavities, displaying 
EIT, are an intriguing analogue to ensembles of atoms and provide a 
route to slowing and stopping light all-optically’’. Generally, the ele- 
ments in the arrays have consisted of coupled optical or plasmonic 
resonances, and have been demonstrated with couplings engineered to 
give rise to Fano-like interference*’. However, a significant limitation 
in these all-photonic systems is the short optical resonance lifetime. We 
demonstrate here that in addition to optically controlled switching of a 
probe beam, as recently presented by others’, EIT in an optomechanical 
cavity may be used to change the group velocity of light significantly. As 
such, tunable optical delay, with delay times limited by the much longer 
mechanical resonance lifetime of the optomechanical system, may be 
achieved. These delays are also attainable across a broad spectrum of 
wavelengths; indeed, recent circuit cavity electromechanics experi- 
ments in the strong-coupling regime have demonstrated EIT and group 
velocity control at microwave frequencies*’. Additionally, the ability to 
create arrays of coupled devices by ‘printing’ optomechanical circuits 
onto a Si microchip”, for example, allows one to create a much larger 
delay-bandwidth product (scaling as //N, N being the number of cavity 
elements)"; such arrays provide a means to sample an incoming optical 
pulse shape, store it and retrieve it, much like an ensemble of atoms 
does in atomic EIT. 

EIT in optomechanical systems can be understood physically as 
follows. The conventional radiation pressure interaction between a 
near-resonant cavity light field and mechanical motion is modelled 
by the nonlinear Hamiltonian Hint = hgata b+ i) Here d (4") and 
b (b") are the annihilation (creation) operators of photon and phonon 
resonator quanta, respectively, g is the optomechanical coupling rate 
corresponding physically to the shift in the optical mode’s frequency 
due to the zero-point fluctuations of the phonon mode, and hi is h/2n, 
where h is Planck’s constant. By driving the system with an intense red- 
detuned optical ‘control’ beam at frequency @,, as shown in Fig. 1a, the 
form of the effective interaction changes (in the resolved sideband limit) 
to that of a beam-splitter-like Hamiltonian, Hin, = nG(atb+ ab') : 
Here, the zero-point-motion coupling rate g is replaced by a much 
stronger parametric coupling rate G=g,/(n,) between light and 
mechanics, where (,) is the stored intracavity photon number induced 
by the control beam. Viewed in a dressed-state picture, with the control 
beam detuning from the optical cavity resonance (@,) set equal to the 
mechanical frequency (@,), Joc =o — Mc Wm; the optical and 
mechanical modes 4 and b become coupled (denoted ag and bg in 
Fig. 1b). The dressed mechanical mode, now effectively a phonon- 
photon polariton, takes on a weakly photonic nature, coupling it to 
the optical loss channels at a rate y,,, = Cy;, where the optomechanical 
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Figure 1 | Optomechanical system. a, Level-diagram picture, showing three 
‘levels’ that represent the optical mode 4, the mechanical mode b and the ‘bath’ 
of optical waveguide modes. The transitions between modes driven by the 

signal and control beams are indicated by blue and red double-headed arrows, 
respectively. Wavy black arrows indicate decay from the different modes. See 
text for definitions of symbols in a and b. b, The control beam at @, drives the 
transition between the optical and mechanical mode, dressing the optical and 
mechanical modes, resulting in the dressed state picture with dressed modes dg 


cooperativity is defined as C = 4G’/xy, for an optical cavity decay rate of 
xk, and an intrinsic mechanical resonance damping rate of 7. 

The drive-dependent loss rate ),,, has been viewed in most previous 
studies as an incoherent, quantum-limited loss channel, and was used 
in recent experiments to cool the mechanical resonator close to its 
quantum ground state”. In the dressed mode picture, by analogy to 
the dressed state view of EIT’, it becomes clear that a coherent 
cancellation of the loss channels in the dressed optical and mechanical 
modes is possible, and can be used to switch the system from absorp- 
tive to transmittive in a narrow band around cavity resonance. Much 
as in atomic EIT, this effect causes an extremely steep dispersion for the 
transmitted probe photons, with a group delay on resonance of (see 
Supplementary Information) 


2 (Ke/H)C (1) 
7 (1+C)(1— (Ke/K) + C) 


where x, is the optical coupling rate between the external optical 
waveguide and the optical cavity, and the delay is dynamically tunable 
via the control beam intensity through C. 

Nano- and micro-optomechanical resonators take a variety of 
forms, among which optomechanical crystals (OMC) have been used 
to demonstrate large radiation-pressure-induced interaction strengths 
between gigahertz mechanical resonances and near-infrared optical 
resonances”. The nanobeam OMC cavity used in this study (Fig. 1c 
and d) uses a periodic free-standing Si structure to create high-Q co- 
localized optical and mechanical resonances. These devices can be 
printed and etched into the surface of a Si chip in large arrays 
(Fig. 1c), and are designed to operate optically in the telecommunica- 
tions band (A, = 1,550 nm) and acoustically at microwave frequencies 
(@,,/2m = 3.75 GHz). The theoretical optomechanical coupling rate g 
between co-localized photon and phonon modes is g/27 ~ 800 kHz. By 
optimizing the arrangement of holes in the central cavity region of the 
nanobeam where light and sound are localized, an intrinsic optical 
decay rate of «;/2m ~ 290 MHz is obtained for the optical cavity mode, 
placing the optomechanical system in the resolved sideband regime 
(@m/ij>>1) necessary for EIT. The corresponding mechanical res- 
onance is measured to have an intrinsic damping rate of y;/ 
2n ~ 250kHz at temperature T = 8.7K, corresponding to a mech- 
anical Q-factor of Q,, = 15,000. Light is coupled into and out of the 
device using a specially prepared optical fibre taper, which when placed 
in the near-field of the nanobeam cavity couples the guided modes of 
the taper evanescently to the optical resonances of the nanobeam (see 
Supplementary Information for details of the optical cavity loading). 
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and bg. c, Series of scanning electron micrographs, showing large array of 
optomechanical crystal nanocavities (top-left panel), zoomed-in image of 
device array (bottom-left panel), and zoomed-in image of top-view of single 
cavity device (top-right panel). d, From top to bottom: scanning electron 
micrograph of a zoomed-in region showing the OMC defect region; finite- 
element-method (FEM) simulation results for the optical field showing the 
electrical field intensity |E(r) ; FEM-simulated mechanical mode with the total 
displacement |Q(r)| shown. 


In order to characterize the near-resonance optical reflection of the 
cavity system, a sideband of the control beam is created using electro- 
optic modulation (see Methods and Supplementary Information), 
forming a weak signal beam with tunable frequency «,. The results 
of measurements performed at a cryogenic temperature of 8.7 K are 
shown in Fig. 2. Here, the control beam laser power was varied from 
6 LW ((n,) = 25) to nearly 250 LW ((n.) = 1,040). The frequencies of 
both the control and signal beams are swept in order to map out the 
system dependence on control beam detuning, 4oc, and the two- 
photon detuning, Asc = @, — @,. The resulting reflected optical signal 
intensity, separated from the control beam via a modulation and lock- 
in technique (see Methods and Supplementary Information), is shown 
in Fig. 2a for a series of control laser detunings. Visible in each of the 
plots is a broad resonance corresponding to the bare optical cavity 
response with loaded linewidth x/2m ~ 900 MHz. A much narrower 
reflection dip feature, corresponding to the transparency window, can 
also be seen near the cavity line centre. The position of the narrow 
reflection dip tracks with a two-photon detuning equal to the mech- 
anical resonance frequency, Asc © My. This region is shown in more 
detail in Fig. 2b, where the Fano-like structure of the optical response is 
apparent. Each curve in Fig. 2a and b is a horizontal slice of the data 
presented in Fig. 2c, where the reflectivity is plotted as a function of 
both w, and Asc. The transparency window is shown to be fully 
controllable via the applied light field, the window expanding and 
contracting with the control beam laser power (Fig. 2d and e). At 
the maximum stable control power (unstable regions due to a 
thermo-optic bistability induced by optical absorption are shown as 
hatched regions in Fig. 2c), a transparency window approaching 
5 MHz is obtained. 

Model fits to the reflection spectra (see Supplementary Information) 
are shown as solid curves in Fig. 2a and b. The resulting fitted values for 
Yom = 4G’/k for each control power are shown in Fig. 2e. A linear fit to 
the extracted data yields a value for the zero-point-motion coupling 
constant of g/2n = 800 kHz, in agreement with the value obtained 
from independent optical transduction measurements of the thermal 
Brownian motion of the mechanical oscillator’’. In addition to the 
intensity response of the optomechanical cavity there is the phase 
response, which provides a measure of the group delay of the modu- 
lated optical signal beam as it passes through the cavity. For the 89-kHz 
modulation of the signal beam used in our experiments, corresponding 
to a free-space signal wavelength of ~3.4 km, phase shifts between the 
modulation sidebands and the signal carrier on the order of a frac- 
tion of a radian are measured in the region where Agc is within a 
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Figure 2 | Optical reflection response at temperature T = 8.7 K. a, Measured 
normalized reflection (dots) of the signal beam as a function of the two-photon 
detuning (As) for a control beam power of 15 .W. b, Zoom-in of the reflected 
signal about the transparency window. Each spectrum in a and b corresponds 
to a different control laser detuning (4oc — Wm) as indicated. Solid curves 
correspond to model fits to the data (see Supplementary Information). 

c, Intensity plots for the signal beam reflection as a function of both control 
laser detuning (4c) and two-photon detuning (Asc) for a series of different 


mechanical linewidth of «,,. The measured phase-shifts for the 
reflected signal beam correspond to advances in time of the modulated 
signal, pointing to causality-preserving superluminal effects. A plot of 
the peak effective signal advance versus control beam power is plotted 
in Fig. 3a, ascertained from a fit to the reflection phase response spectra 
(Fig. 3b). For the highest control power, the reflected signal is advanced 
by 1.3 1s, roughly 7,000 times longer than the bare optical cavity 
lifetime. 

The delay in transmission is directly related to the advance on 
reflection through the bare cavity transmission contrast (measured 
independently; see Supplementary Information). As such, we plot 
the corresponding transmission group delay of the signal in Fig. 3c. 
The theoretical delay/advance of the modulated signal beam for system 
parameters given by fits to the EIT intensity spectra are shown as 
dashed curves in Fig. 3a and c, indicating good agreement with the 
measured phase response. As can be seen in these data, the maximum 
measured transmission delay is 1? ~ 50 ns, which—although corres- 
ponding to significant slowing of light (to a velocity of v, + 40m s') 
through the few-micrometre-long structure—is much smaller than the 
measured reflected signal advance or the limit set by the intrinsic 
mechanical damping (2/y; ~ 1.4 Us). This is due to the weak loading 
of the optical cavity in these experiments (see Supplementary 
Information), and the resulting small fraction of transmitted light that 
actually passes through the cavity. 

In addition to the observed EIT-like behaviour of the optomecha- 
nical system, a similar phenomena to that of electromagnetically 
induced absorption (EIA)** in atomic systems can be realized by setting 
the detuning of the control beam to the blue side of the optomechanical 
cavity resonance (4gc < 0). Under blue-detuned pumping, the effec- 
tive Hamiltonian for the optical signal and mechanical phonon mode 
becomes one of parametric amplification, Hint =hG( a" bt +ab). The 


measured reflection spectrum from the OMC is shown in Fig. 3d, 
where the reflectivity of the cavity system is seen to be enhanced 


control beam powers (as indicated). The hatched areas are unstable regions for 
the control laser detuning at the given input power. The top plot is the 
theoretically predicted reflection spectrum for the highest control beam power. 
d, Transparency window versus control beam power for control laser detuning 
Aoc ~ Mm. €, Transparency window bandwidth (yom = 4G/«) versus control 
beam power (error bars indicate the standard deviation in the fit of y,,, to the 
EIT intensity spectra versus Joc). The solid line represents the bandwidth 
scaling for a single best-fit value of g/2m = 800 kHz. 


around the two-photon detuning 4sc ~ @,,; a result of the increased 
‘absorption’ (feeding) of photons into the cavity. As discussed further 
in the Supplementary Information, at even higher control beam 
powers such that C21, the system switches from EIA to parametric 
amplification, resulting in optical signal amplification, and eventually 
phonon-lasing. 

Reflection spectroscopy at room temperature (296 K) of the opto- 
mechanical cavity has also been performed (presented in Supplemen- 
tary Information), and yields similar results to that of the cryogenic 
measurements, albeit with a larger value of (n.) required to reach a 
given cooperativity (see Fig. 3e) owing to the larger intrinsic mech- 
anical dissipation at room temperature (y; = 2m X 1.9 MHz). Beyond 
the initial demonstrations of EIT and EIA behaviour in the OMC 
cavities presented here, it is fruitful to consider the bandwidth and 
signal delay limits that might be attainable with future improvements 
in device material or geometry. For instance, the transparency band- 
width of the current devices is limited by two-photon absorption of the 
control beam in the silicon cavities; a move to larger-bandgap dielec- 
tric materials, such as silicon nitride, should allow intra-cavity photon 
numbers of 10° (limited by linear material absorption), resulting in a 
transparency window approaching G=g,/(n,)~2n(1 GHz). Also, 
recent research into low-loss GHz mechanic resonators” should 
enable slow light optical delays approaching 10 jis at room temper- 
ature, roughly equivalent to the optical path length of a kilometre of 
optical fibre. Much like the acoustic wave devices used in electronic 
systems**, optomechanical devices with these attributes would enable 
chip-scale microwave photonic systems capable of advanced signal 
processing in the optical domain, such as that needed for emerging 
broadband wireless access networks or more specialized applications, 
such as true-time delays in radar systems’. 

The limiting factor for quantum applications of optomechanical 
systems is the re-thermalization time of the mechanical resonator, 
Tth =NQm/kT, which in the case of a quantum optical memory 
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Figure 3 | Measured temporal shifts and amplification. a, Maximum 
measured reflected signal advance as a function of the control beam power. 
b, Measured reflected signal advance versus two-photon detuning, Agc. Solid 
curves correspond to fit from model (see Supplementary Information). Curves 
at different control powers are shifted for clarity. c, Inferred maximum 
transmitted signal delay versus control beam power. Dashed lines in a and c are 
theoretical advance/delay times predicted from model of optomechanical 
system based on intensity response of the optomechanical system. d, Measured 
signal reflection as a function of two-photon detuning for the control laser blue- 
detuned from the cavity. e, Measured cooperativity for sample temperature of 
296 K (squares) and 8.7 K (circles) as a function of the average number of 
control photons inside the cavity. Error bars indicate the standard deviation in 
the model fit to the EIT spectral data at each control beam power. 


represents the average storage time of a single photon before excitation 
of the system by a thermal bath phonon. For the devices studied here, 
despite the optical cooling and reduced phonon occupancy of the 
mechanical resonator provided by the control beam (the cooling rate 
being equal to the transparency window bandwidth”’), the re-therma- 
lization time is limited to t4, ~ 12 ns by the 8.7 K bath temperature. 
Reducing the operating temperature further to a value below 100 mK 
(routinely attained in a dilution refrigerator) would not only increase 
the re-thermalization time through a lower bath temperature, but 
should also result in a significant increase in the mechanical Q-factor. 
Taken together, the resulting re-thermalization time in the current 
OMC devices at T = 100 mK is likely to be of the order of 100 Ls, which 
although not nearly as long as what has been achieved in atomic 
systems”, still represents a substantial storage time compared to the 
realizable GHz bandwidth of the system. Additionally, optomechanical 
processes similar to the EIT behaviour measured here have also been 
proposed” to provide an optical interface between, for instance, 
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atomic and superconducting circuit quantum systems, enabling the 
formation of hybrid quantum networks. 


METHODS SUMMARY 

Fabrication. The nanobeam cavities were fabricated using a silicon-on-insulator 
wafer from SOITEC (resistivity = 4-20 Q cm, device layer thickness t = 220 nm, 
buried-oxide layer thickness 2 jm). The cavity geometry is defined by electron 
beam lithography followed by inductively-coupled-plasma reactive ion etching to 
transfer the pattern through the 220-nm silicon device layer. The cavities were 
then undercut using an HF:H2O solution to remove the buried oxide layer, and 
cleaned using a piranha etch/HF etch cycle. The dimensions and design of the 
nanobeam will be discussed in detail elsewhere. 

Experimental set-up. We demonstrate EIT via reflection measurements of the 
optically pumped system at varying (n.). Using the experimental set-up shown in 
Supplementary Information, a laser beam at «, (the control beam) is sent through 
an electro-optical modulator with drive frequency equal to Agc, creating an optical 
sideband at frequency «, (the signal beam), which is amplitude modulated at 
@,,/2n = 89kHz. Since the control beam is detuned from the cavity by 
|Aoc|>>x, it is effectively filtered when looking in reflection, while the modulated 
signal beam at w. + Asc (where the sign is that of 4oc) is near resonance with the 
optical cavity and is reflected. The reflected signal beam is detected using a 12-GHz 
New Focus PIN photo-diode, with the output electrical signal sent to a lock-in 
amplifier where the component related to the modulated tone (c,; = 89 kHz) is 
amplified and sent to an oscilloscope. By scanning both the laser frequency «, and 
the two-photon detuning Asc, a full map of the reflectivity is obtained. 
Additionally, by using a lock-in amplifier, the phase of the modulated signal 
sidebands relative to the carrier can be measured, giving a direct measurement 
of the group delay imparted on the optical signal beam by the optomechanical 
cavity. 
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